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ABSTRACT
The development of a planar-chiral catalyst for the enantioselective additions of
HN3 to hindered ketenes was investigated. It was demonstrated that a new planar-chiral
catalyst (1.5) is an excellent catalyst for the enantioselective addition of HN 3 to hindered
ketenes, en route to enantioenriched amines. The addition of HN3 to a ketene is likely
occurring by the Bronsted acid catalysis mechanism. The evidence in support of the
Bronsted acid catalysis mechanism include stereochemical and spectroscopic results,
which are consistent with data from other additions believed to occur by the Bransted
acid catalysis mechanism. Enantioenriched amines generated are a family of compounds
distinct from the products yielded by earlier Bronsted acid catalyzed processes. In
addition, with the use of highly acidic HN3, the pH range in which a planar-chiral catalyst
can function as a Bransted acid catalyst was demonstrated to be much larger than
previously known.
1) (+)-1.5 (10%),
toluene/hexane,
-70 oC or -90 OC
2) benzene, A
3) MeOH, A HR N OMe
R' H 0
7 ketenes gave
a90% yield, k92% ee
Me
Me Fe Me
Me eMe
Me
(+)-1.5
HN3
(1.1 equiv) R'
The development of a tertiary amine catalyst for the enantioselective additions of
HN3 to unhindered ketenes was investigated. Preliminary results indicate that catalyst
2.3a exhibits promising enantioselectivity for the addition of HN3 to unhindered ketenes
and appears to be complementary to planar-chiral catalyst 1.5 in terms of substrate scope.
1) 2.3a (10%),
toluene/hexane,
-90 oC
2) benzene, A
3) methanol, A
R'
H
R N OMe
R'H O
HN3
(1.1 equiv)
N I fPh
N
2.3a
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Chapter 1
Development of a Planar-Chiral Catalyst for Enantioselective Additions of HN3 to
Hindered Ketenes
1.1 Introduction
Planar-chiral derivatives of DMAP developed in the Fu lab have proven to be
effective catalysts for a wide range of transformations.' 'Representative exkamples include
asymmetric Staudinger synthesis of [-lactams 2 (Eq. 1.1) and asymmetric intermolecular
C-acylations of silyl ketene acetals3 (Eq. 1.2).
Asymmetric Staudinger synthesis of P-lactams
FeR R
R
R = Me (-)-1.1
R= Ph (-)-1.2
OC Ar TsN, H
R R'
cat (-)-1.1
toluene
O>-NTs
ArR  R'R
(1 1)
Asymmetric intermolecular C-acylations of silyl ketene acetals
S0 R' OSiMe 3
RR
Catalytic asymmetric additions of 2-cyanopyrrole to ketenes
H 0 0% NCN O_ R' tcat (-)-1.1 R N N
R toluene H R
rt
Catalytic asymmetric additions of 2-tert-butylphenol to ketenes
H O "C ,R' cat (-)-1.1 R 0 u
t-Bu R toluene H t-Bu
r.t
(1 2)
(1 3)
(1 4)
These two reactions, and in fact nearly all reactions efficiently catalyzed by planar-chiral
DMAP catalysts, are believed to occur through a nucleophilic catalysis mechanism
(Figure 1.1). More recently, however, we have discovered two reactions catalyzed by 1.1
that we believe to proceed via a Bronsted acid catalysis mechanism (Figure 1.1): the
additions of 2-cyanopyrrole4 (Eq. 1.3) and 2-t-butylphenol to ketenes5 (Eq. 1.4)
0R H catalyst* R'
O
X catalysta NR
R
X-H
0
R' KR X X-H
H R catalyst*
X R H-catalyst* X H-catalyst*
R1
AC R
R'
Nucleophilic Catalysts Bronsted Acid Catalysis
Figure 1.1. Two possible mechanisms for the addition of XH to ketenes.
In the Bransted acid catalysis mechanism, the catalyst is first protonated by the
acid source XH to form the conjugate acid of the catalyst, [H-catalyst*]+, and anion [X]-,
which then adds to the ketene to generate ion pair A. In the stereochemistry determining
step, the enolate of ion pair A is protonated by the conjugate acid of the catalyst to give
the product. In order for the addition to proceed by the Bronsted acid catalysis
mechanism, two processes must occur. First, the catalyst must deprotonate the acid to
give the conjugate acid of the catalyst. Second, the enolate of ion pair A must be
protonated by the conjugate acid of the catalyst. In order to obtain high
enantioselectivity, the second process should occur faster than the protonation of the
enolate of ion pair A by XH.
In 2004, the Fu laboratory became interested in the possibility of performing
additions with more acidic nucleophiles such as hydrazoic acid (HN 3). At the time, there
were no reports of enantioselective additions of HN3to ketenes. Because of its high
acidity, the addition of HN3 to ketene posed a greater chlallenge compared to additions of
less acidic nucleophiles such as 2-cyanopyrrole and 2-t-butylphenol. When the more
acidic HN3 replaces less acidic 2-cyanopyrrole and 2-t-butylphenol, the non-selective
protonation of the enolate of ion pair A is more competitive with the desired
enantioselective protonation (Figure 1.2).
o
enantioennched R~ X X-H
H R catalyst*
SX-H 0
R', X R0yst 0HR X X R H-catalyst X H-catalyst*
H R R'
racemic A
X-H pKa N3-H << or N CNR
"a`t-Bu R'
Figure 1.2. A challenge for the addition of a more acidic nucleophile.
The addition of HN 3 to a ketene generates an acyl azide. Subsequent
transformation to the isocyanate via Curtius rearrangement, and then treatment of the
isocyanate with water or methanol allows for the formation of a free or protected amine,
respectively. These two steps after the initial generation of the acyl azide occur with
retention of configuration at the newly generated stereocenter (Scheme 1.1).
NH2
R R'
1 NHCI, A;[ work-up
catalyst* benzene,0 
A
R C0 HN3  y R . benzene, R * NCOR , Y C HN3N3 CurtiuY Y .
SR' Rearrangement R'
MeOH, A
HN OMe
R * R'
Scheme 1.1. Generation of enantioenriched amines from ketenes via catalytic
enantioselective addition of HN3 to a ketene.
This method to generate enantioenriched amines allows for the formation of a
family of compounds that are distinct from the Bronsted acid catalyzed synthesis of
enantioenriched amides and esters discussed earlier. Successful use of HN3 would
substantially expand the pH range that the planar-chiral DMAP catalyst can function as a
Bronsted acid catalyst. Moreover, enantioenriched amines are a family of important
compounds that have found many applications in both pharmaceutical and chemical
industries.6 In light of our continuing efforts to expand the scope of planar-chiral
catalysts and to provide an efficient, alternative method of generating enantioenriched
amines, as well as to solve new challenges for the addition of a relatively acidic
nucleophile, we decided to investigate the enantioselective addition of HN 3 to ketenes
In preliminary studies conducted by Dr. Jan Romero, it was found that catalyst 1.2
with a pyrrolidino group at the 4-position of the "top" pyridine ring was non-selective,
but substituting the 4-position with a chlorine atom (1.3) or ap-tolyl group (1.4) and also
installing pentamethylcyclopentadiene ring in place of pentaphenylcyclopentadiene ring
resulted in improvement in the enantioselectivity for the addition of HN3 (Table 1.1).7
Table 1.1. Evaluation of catalysts.
1) catalyst* (10%),
toluene/hexane,
N9 -78 oC
HN3  C 0O 2) benzene/methanol,
iPr
catalyst* yield (%)
1.2 83
1.3 21
1.4 70
x N OMe
i-Pr H 0
ee (%)
2
46
82
R Fe R
R
1.2 R' = pyrrolidino
1.3 R'= Cl
1.4 R' = p-tolyl
R = Ph
R'= Me
R'= Me
Consideration of the basicity of the catalysts may explain the observed results.
Recall that for the Bronsted acid catalysis mechanism, a catalyst should fulfill two
requirements in order to generate enantioenriched product. One is to serve as a base and
abstract a proton from the acid source, in this case, HN3, and the other is to serve as a
Bransted acid and protonate the enolate of ion pair A (Figure 1.2). With catalyst 1.2, we
speculated that it is too basic: it effectively abstracts a proton from HN3, but this in turn
entry
1
2
3
---
generates a poor Bronsted acid. We also speculated that catalyst 1.3 is believed to be not
basic enough. The conjugate acid can effectively protonate the enolate, but the
deprotonation of HN3 is poor. On the other hand, catalyst 1.4 appears to be sufficiently
basic to abstract a proton from HN3 and also capable of protonating the enolate of ion
pair A faster than HN3. Encouraged by the results obtained by Dr. Romero, Dr. Xing Dai
and I decided to further explore tuning the Bronsted acidity and basicity of this class of
planar-chiral catalysts.
1.2 Results and Discussion
1.2 1 Preparation of Catalysts
Our approach toward tuning the Bronsted acidity of the catalysts involved
independently varying the electronic and steric properties of the "top" and the "bottom"
rings. The electronic modifications of the "top" ring involved substituting various groups
at the 4-position (R' in Figure 1.3). The steric modification of the "top" ring involved
installing a methyl group at the 7-position, spatially close to the pyridine nitrogen atom.
The electronic and steric properties of the "bottom" ring were modified by installing a
bulky pentaphenylcyclopentadienyl ring. In order to decouple the electronic effect (due
to the presence of aromatic substituents) from the steric effect, we also attempted to
prepare pentaisopropylcyclopentadiene.
Electronic Effects
Steric Effects---------------
Steric Effects
_ .----- -N .. ..._
"------Pe---- --
R
Figure 1.3. Strategy for catalyst tuning.
In order to access catalysts with different groups at the 4-position of the "top"
pyridine ring, I synthesized a common enantioenriched intermediate 1.3 following the
synthetic route developed by Dr. Romero (Scheme 1.2). Dr. Dai synthesized catalyst 1.4
from 1.3 by performing a Suzuki coupling withp-tolyl boronic acid under conditions also
developed by Dr. Romero. Dr. Dai also performed a Suzuki coupling of methyl boronic
acid with 1.3 to generate catalyst 1.5.
30% H20 2,
o AcOH
N 85 %
I0
E
MeReO 3,
30% H202
61% N
U9
Ac20, A
83%
CI
POC8,4
84 % N
H2S04
91%
CI CI
3:1 = 5H:7H pyrindine
3:1 = 5H:7H pyrindine
CI \
Pd2(dba)3,
PCy31) CsMe5LI N K3P04, AFeCI2  Me Fe Me N2) CI Me Me B••(OH) 2  Me
K 98 %
N 1.3 32%
3) Resolution Pd(PPh3 )4,K2C00 3, A
MeB(OH) 2
93%
Me
N
Me Fe Me
Me Me
Me
1.5
Scheme 1.2. Preparation of common intermediate 1.3 and catalyst 1.4 and 1.5.
FeMe
Me
1.4
In addition, Dr. Dai prepared catalyst 1.6 with a hydrogen atom in place of the
pyrrolidino group at the 4-position of the "top" pyridine ring. I used the same "top" ring
precursor for 1.6 to prepare 1.7 (Scheme 1.3). As another way to tune the chiral
environment of the catalyst through a proximal steric effect, a methyl group was installed
at the 7-position of the "top" pyridine ring (Scheme 1.4). The "bottom" cyclopentadienyl
ring in 1.6 was replaced with a pentaphenylcyclopentadienyl ring in 1.7 to increase the
steric bulk and modifying electronic properties of the "bottom" ring. Careful
experimentation allowed for separation of the enantiomers of 1.7 using semi-preparative
HPLC.
30% H202,0 AcOH AcO,
45 % 90 %.
Io OAc
H2S04 , AI
59%
ii
iv
Ph Fe Ph
Phý Ph
Ph
1.7 29 %
Scheme 1.3. Catalyst tuning by electronic effect in 1.6 and steric and electronic effects
in 1.7.
Me
30% H202,
AcOH45 Ac, AFH 2SO4 
A
N 90% N
I OAc
nBuLi, -78 OC,•
THF; Mel \
- \ Me.• •Me
13% 26% eMe
1.8 29 %
Scheme 1.4. Tuning of Brrnsted acidity by proximal steric effect in 1.8.
The synthesis of a pentaisopropylcyclopentadienyl "bottom" ring was also
explored. The pentaisopropylcyclopentadienyl ring was selected to vary the chiral
environment by increasing the steric bulk of the "bottom" ring, without perturbing the
electronic properties as the pentaphenylcyclopentadienyl ring does. The previous
preparation of pentaisopropylcyclopentadiene developed in the Fu lab failed to produce
the desired material in sufficient quantity and acceptable purity for our use.8
An alternative route was explored. Recently, de Meijere reported an elegant
synthesis of pentacyclopropylcyclopentadiene from dicyclopropylacetylene (Scheme
1.5).9 An attempt to adapt this route to synthesize pentaisopropylcyclopentadiene by
substituting diisopropylacetylene and methyl 2-methylpropanoate in place of
dicyclopropylacetylene and methyl cyclopropanecarboxylate, respectively, failed.
Ultimately, the synthesis of the catalyst with a pentaisopropylcyclopentadienyl "bottom"
ring was abandoned.
i-BuMgBr
[Cp 2TICI 21 MgBr CeC13 CeCI 3 c-PrCO 2Me
64%
i-Pr 1. i-BuMgBr i-Pr
[Cp 2TIC 2] iPr
S - / i-Pr
2 CeC13  i-Pr)i-Pr 3 i-PrCO 2Me i-Pr
Scheme 1.5. Synthesis of pentacyclopropylcyclopentadiene and attempted synthesis of
pentaisopropylcyclopentadiene.
1 2.2 Enantioselective Addition of HN3 to Ketenes Using Planar-Chiral Catalysts
Prior to testing the new planar-chiral catalysts in the addition of HN 3 to phenyl
isopropyl ketene, Dr. Dai optimized the original conditions for this reaction developed by
Dr. Romero. Under optimized conditions, 1.1 gave poor yield and enantioselectivity
(Table 1.2, entry 1) despite the fact that it had previously been effective for additions of
less acidic nucleophiles such as 2-t-butylphenol and 2-cyanopyrrole.' 0 Catalyst 1.6 with a
hydrogen atom at the 4-position of the "top" pyridine ring gave modest enantioselectivity
(Table 1.2, entry 4). Catalysts with added steric bulk surrounding the pyridine nitrogen
atom provided poor enantioselectivity (Table 1.2, entries 5-6). However, excellent yield
and enantioselectivity were obtained for catalysts 1.4 and 1.5. Therefore, we decided to
investigate these catalysts in the addition of HN 3 to o-tolyl ethyl ketene.
Table 1.2. Evaluation of planar-chiral catalysts.
1) catalyst* (10%),
toluene/hexane,
-78 OC
NO 2) benzene, A
HN3  OC- O  3) MeOH, A
(1.1 equiv) i-Pr
H
N OMe
i-Pr H Yi-Pr  O
entry catalyst* R R' yield (%) ee (%)
1 1.1 4-pyrrolidino Me 90 3
2 1.6 4-H Me 94 61
3 1.7 4-H Ph 76 4
4 1.8 7-Me Me 59 0
5 1.4 4-(p-tolyl) Me 90 93
6 1.5 4-Me Me 98 96
4
R' Fe RI
RRl R'
R'
1.1-1.8
When Dr. Dai tested catalysts 1.4 and 1.5 in the addition of HN3 to o-tolyl ethyl
ketene, a large difference in enantioselectivity was observed (Table 1.3, entries 1 vs. 2).
Compared to catalyst 1.4, catalyst 1.5 gave a much better enantioselectivity of 80% ee.
Encouraged by this result, we decided to reexamine reaction parameters-such as
temperature, the rate of addition, and concentration-for this substrate. We found that
lowering the temperature fi-om -78 OC to -90 OC and slowing the addition of a solution of
HN3 from over 1 h to over 2 h, and dilution of the reaction mixture led to further
improvement in enantioselectivity (Table 1.3, entries 1-2 vs. 3).
Table 1.3. Evaluation of catalysts 1.4 and 1.5 for o-tolyl ethyl ketene.
1) catalyst* (10%),
toluene/hexane,
C."'O 2) benzene, A
HN3  3) MeOH, A N OMe
(11 equiv) Et EHEt Et H 0
entry catalyst* R temp. conc. time frame of yield (%) ee (%)
add'n of HN3
1 1.4 o-tol -78 oC 0.065 M 1 h 89 37
2 1.5 Me -78 oC 0.056 M 1 h 89 80
3 1.5 Me -90 oC 0.016 M 2 h 92 94
R
Me Fe Me
Me Me
Me
1.4-1.5
We proceeded to examine the substrate scope of catalyst 1.5. Before discussing
the results we obtained, it is necessary to define the different classes of ketenes we tested
and the two different reaction conditions. We consider ketenes to be "hindered" if they
possess branching at the a-position in the alkyl group (such as isopropyl, cyclohexyl,
cyclopentyl, t-butyl) or an o-substituent on the phenyl ring (such as o-tolyl). Hindered
ketenes were reacted under conditions "A": -78 °C, 0.05 M with respect to the ketene,
and the solution of HN3 is added over the course of 1 h. We defined ketenes as
"unhindered" if they possess neither branching at the a-position of the alkyl group (such
as ethyl and i-butyl groups) nor an o-substituent on the phenyl ring. Unhindered ketenes
were reacted under conditions "B": -90 'C, 0.012 M with respect to the ketene, and the
solution of HN3 is added over the course of 2 h.
Subjecting various ketenes to the optimized conditions showed that 1.5 is
effective for most of the hindered ketenes (Table 1.4, entries 1-6 and 8-9). However, a
modest selectivity is obtained with t-butyl phenyl ketene (Table 1.4, entry 7). Both
heteroaryl-substituted ketenes and aryl cycloalkyl ketenes are suitable substrates (Table
1.4, entries 5--6). However, 1.5 is less effective for unhindered ketenes (Table 1.4,
entries 10-14). Using 1.5 as the catalyst, we achieved the addition of HN 3 to hindered
ketenes in excellent yield and enantioselectivity (7 ketenes gave >90% yield and >92%
ee).'' One of the possible explanations for the poor enantioselectivity for an unhindered
ketene such as phenyl ethyl ketene is the rate of the background reaction. Uncatalyzed
addition of HN3 to phenyl ethyl ketene occurs faster compared to a hindered ketene such
as phenyl isopropyl ketene. This will be discussed further in the next chapter.
Table 1.4. Substrate scope of catalyst 1,.5.
1) (+)-1.5 (10%),
toluene/hexane,
conditions "A" or "B"
benzene, A
methanol, A HR N OMe
R' H 0
entry R R' conditions yield (%) ee (%)
1 Ph i-Pr A 93 96
2 p-(C1)Ph i-Pr A 90 92
3 p-(MeO)Ph i-Pr A 94 97
4 3-thienyl i-Pr A 92 94
5 Ph cyclohexyl A 94 96
6 Ph cyclopentyl A 92 96
7 Ph t-Bu A 92 76
8 o-tol Et B 93 94
9 o-tol Me B 90 80
10 p-(MeO)Ph Et B 92 55
11 p-(MeO)Ph Me B 90 70
12 Ph Et B 90 5
13 Ph i-Bu B 90 26
14 m-tol Et B 90 30
Me
Me Fe Me
Me Me
Me
(+)-1.5
HN3
(1.1 equiv)
R C•' O
R'
1 2.3 Mechanistic Considerations
As discussed earlier, the additions of nucleophiles such as 2-cyanopyrrole 2 and 2-
t-butylphenol 5 to ketenes are believed to occur by the Bronsted acid catalysis mechanism
as opposed to the alternative nucleophilic catalysis mechanism
(Figure 1.4).'
st* R'
catalyst*" R'Rat
00hr~~
X-H
Nucleophilic Catalysis
Figure 1.4. Two possible mechanisms for the
0
H R
0
A'
X-H
catalyst*
H-catalyst* X H-catalyst*
A
O"1C R
R'
Bronsted Acid Catalysis
addition of HN 3.
Previous observations that favor the Bronsted acid catalysis mechanism for these
reactions include: (1) the absolute stereochemistry of the products obtained from the
addition of 2-t-butylphenol and 2-cyanopyrrole catalyzed by (-)-1.1 is the (R)
stereoisomer. In contrast, for reactions catalyzed by (-)-1.1 that are believed to occur by
the nucleophilic catalysis mechanism, the absolute stereochemistry at the stereocenter a
0
0
R H X atalj
c catalyR H
to the carbonyl group in the products is the (S) configuration; (2) the resting state of the
catalyst is the protonated catalyst and not the catalyst itself.
0
O'rt d C Et H-X(-)-1.1 X Et
catalysis PH
O XTsBrnsted Acldu NTs (-)-1.1 N HH-X= 1--/CNt-Bu
Nucleophilic OP Ts h
Catalysis Ph H PhPh ( Ph
Ph i-Bu
Me Fe Me
Me- Me
Me
(-)-1.1
Figure 1.5. Sense of stereoselectivity observed with planar-chiral catalysts for two
different mechanisms.
These two pieces of evidence in support of the Bronsted acid mechanism
occurring in the above processes are also observed for the additions of HN3 to ketenes.
The absolute stereochemistry of the enantioenriched amine obtained is the same as the
absolute stereochemistry obtained in reactions presumed to follow the Bronsted acid
catalysis mechanism (Figure 1.6): the primary amine obtained from the reaction in the
presence of (-)-1.1 or (+)-1.5 is also the (S)-enantiomer."'
O"C i-Pr
Ph
0.
Bronsted Acid Et
Catalysis Ph
H
Me Fe Me
Me ••Me
Me
(-)-1.1
H-N3  (-)-1.1 or (+)-1.5
H-X (-)-1.1
H
-X= N CN l-N
Me
Me Fe Me.
Me Me
Me
(+)-1.5
Figure 1.6. Absolute stereochemistry obtained in Bronsted acid catalyzed processes.
For the additions of 2-cyanopyrrole and 2-t-butylphenol to ketenes, additional
evidence in support for the Bronsted acid catalysis mechanism came from 'H NMR
experiments. When either 2-cyanopyrrole or 2-t-butylphenol is mixed with one
equivalent of catalyst 1.1, only the fully protonated catalyst is observed. Likewise, when
catalyst 1.5 is treated with 1 equivalent of HN 3, the only species that is observed at -78
'C is the protonated form of 1.5.
The fact the basicity of the catalyst strongly influences the enantioselectivity of
the addition of HN3 to a ketene lends support for the Bransted acid catalysis mechanism.
In the Bronsted acid catalysis mechanism, enantioselectivity takes place when the achiral
enolate of ion pair A is protonated by the chiral conjugate acid of the catalyst (Figure
H2N i-Pr
Ph H
1.7). This process must occur faster than protonation by HN3, which leads to the
formation of racemic product.
0
enantioenrched R N3  N3-H
H R catalyst*y
0 N3-H 0
HR R H-catalyst* N3 H-catalyst*
HR R'
racemic A
OC R
R'
Figure 1.7. Competitive protonation of the enolate of the ion pair A.
If the addition occurs by the Bronsted acid catalysis mechanism, the basicity of
the catalyst is a factor likely to influence the enantioselectivity. Indeed, attenuating the
basicity of catalyst 1.1 by replacing the pyrrolidino group with less electron-donating
groups in catalysts 1.4, 1.5, and 1.6 (see Table 1.2, 1 vs. 4-6) resulted in enhanced yield
and enantioselectivity. This observation is more easily accommodated by the Brensted
acid catalysis mechanism than by the nucleophilic catalysis mechanism.
In the alternative nucleophilic catalysis mechanism, the stereochemistry
determining step is protonation of a ketene-catalyst adduct B (Figure 1.8). The
stereochemistry of the product is determined by the geometry of the chiral enolate of a
ketene-catalyst adduct B and the facial selection of addition of HN3, which are factors
that are more likely to be influenced by the structure of the catalyst and less likely to be
influenced by the basicity of the catalyst.
OR'J N3 C YR
R 1H catalyst* R
0 O1
ca-talyst R' N3  catalyst*
HN3
Figure 1.8. Protonation of the catalyst-ketene adduct, the speculated stereochemistry
determining step in the nucleophilic catalysis mechanism.
The addition of HN3 to a ketene is likely occurring by the Bronsted acid catalysis
mechanism. The evidence in support of the Bransted acid catalysis mechanism include
stereochemical and spectroscopic results, which are consistent with data from other
additions believed to occur by the Bronsted acid catalysis mechanism. The new data that
the basicity of the catalyst influences enantioselectivity further lends support for the
Bronsted acid catalysis mechanism for the addition of HN3 to a ketene.
1.3 Conclusion
In summary, it was demonstrated that a new planar-chiral catalyst (1.5) is an
excellent catalyst for the enantioselective addition of HN 3 to hindered ketenes, en route
to enantioenriched amines. Enantioenriched amines are a family of compounds distinct
from the products yielded by earlier Bronsted acid catalyzed processes. In addition, with
the use of highly acidic HN3, the pH range in which a planar-chiral catalyst can function
as a Bronsted acid catalyst was demonstrated to be much larger than previously known.
1) (+)-1.5 (10%),
toluene/hexane,
-70 OC or -90 OC
2) benzene, A
HN3 R C-0  3) MeOH, A R N OMe
(1.1 equiv) R' R ,' HR R' H 0
7 ketenes gave
?90% yield, a92% ee
Me
Me Fe Me
Me Me
Me
(+)-1.5
1.4 Experimental
1.4.1 General
All reactions were carried out under an atmosphere of argon in oven-dried
glassware with magnetic stirring.
Hexanes, THF, toluene, dichloromethane, and diethyl ether were purified by
passage through activated alumina. Concentrated sulfuric acid (99.9%; Aldrich), NaN3
(Mallinckrodt), acetic anhydride (Alfa Aesar), FeC12(anhydrous, 98%; Strem),
pentamethylcyclopentadiene (Cp*H; Strem), pentaphenylcyclopentadiene (CsPh5H;
Strem) methyl boronic acid (97%; Alfa Aesar), and Pd(PPh3)4 (99.9%; Strem) were used
without further purification. Potassium hydride (30-35% w/w in mineral oil; Alfa Aesar)
was washed three times with hexanes, filtered, dried under vacuum, and stored in a glove
box. Hydrazoic acid was prepared according to a published procedure. 12 , 13 All other
chemicals were purchased from commercial suppliers and used as received, unless
otherwise noted.
1 4 2 Preparation of Catalysts
This synthesis has not been optimized.
4-Chloro-6,7-dihydro-5H-[1] pyrindin-7-yl-ester. Acetic anhydiide (8.20 mL,
86.4 mmol, 15.7 equiv) was added to 4-chloro-6,7-dihydro-5H-[1]pyrindine- 1-oxidel4
(0.85 g, 5.0 mmol) in a 25-mL round-bottomed flask equipped with a reflux condenser.
The resulting brown mixture was stirred at room temperature for 20 min and then at 100
'C for 3 h. Then, the brown mixture was allowed to cool to room temperature, and the
excess acetic anhydride was removed under reduced pressure. The dark-brown residue
was dissolved in CH 2C12 and purified by flash chromatography (hexanes/EtOAc = 5/2) on
silica gel, which afforded the title compound as a pale-yellow oil: 0.70 g (65% yield).
'H NMR (CDC13, 400 MHz): 8 8.41 (d, J= 5.3 Hz, 1H), 7.22 (d, J= 5.3 Hz, 1H),
6.16 (dd, J= 7.6, 5.0 Hz, 1H), 3.14-2.97 (m, 1H), 2.97-2.83 (m, 1H), 2.72-2.59 (m, 1H),
2.12 (s, 3H), 2.12-2.04 (m, 1H);
"C NMR (CDC13, 100 MHz): 5 170.6, 162.1, 149.9, 141.6, 136.4, 123.5, 77.3,
29.9, 27.0, 21.1;
IR (neat) 3057, 2983, 2947, 1740, 1563 cmr';
LRMS (ES/APCI) calcd for CloHioC1NO 2 (M+Na) 234.0, found 234.0.
4-Chloro-SH-[1]pyrindine and 4-chloro-7H-[1]pyrindine. Concentrated
sulfuric acid (1.2 mL) was added via syringe to 4-chloro-6,7-dihydro-5H-[l]pyrindin-7-
yl-ester (0.59 g, 3.0 mmol) in a 25-mL round-bottomed flask at 0 oC. The mixture was
heated to 60 oC and stirred for 1.5 h. The mixture was then allowed to cool to room
temperature and poured into ice water (100 mL). The mixture was made basic by slowly
adding a 6 M solution of KOH. The aqueous layer was extracted with EtOAc (3 x 5 mL).
Et3N (1 mL) was added to the combined organic layers, which were dried over Na 2SO4,
concentrated under reduced pressure, and purified by column chromatography
(hexanes/EtOAc/Et 3N = 45/45/10) on silica gel, which afforded the title compound as a
3:1 mixture of 5H:7H isomers (0.37 g, 91% yield; orange oil).
5H Isomer:
'H NMR (C6D6, 400 MHz): 8 8.25 (d, J= 5.4 Hz, 1H), 6.89 (dt, J= 5.6, 1.8 Hz,
1H), 6.63 (d, J= 5.4 Hz, 1H), 6.22 (dt, J= 5.6, 2.0 Hz, 1H), 2.80-2.79 (m, 2H);
'
3C NMR (C6D6, 100 MHz): 6 166.1, 149.5, 139.3, 135.4, 134.9, 122.8, 119.6,
36.3;
7H Isomer:
'H NMR (C6D6, 400 MHz): 8 8.06 (d, J = 5.5 Hz, 1H), 6.72 (dt, J = 6.0, 1.8 Hz,
1H), 6.70 (d, J= 5.5 Hz, 1H), 6.02 (d, J= 6.0 Hz, 1H), 3.11-3.10 (m, 2H);
'
3C NMR (C6sD, 100 MHz): 6 167.0, 146.6, 138.6, 136.2, 135.1, 133.8, 121.5,
41.5;
IR (neat) 3053, 2907, 2847, 1582, 1559, 1458, 1389, 819 cm" .
4-Chloropyrindinyl-pentamethyleyclopentadienyliron (1.3). A solution of n-
BuLi (3.41M in hexanes; 0.12 mL, 0.41 mmol, 1.1 equiv) was added dropwise to a
solution of Cp*H (55.4 mrg, 0.41 mmol, 1.1 equiv) in anhydrous THF (2.0 mL) in a 0 'C
ice bath. The mixture was allowed to warm to room temperature and then stirred for an
additional 30 min. Separately, anhydrous THF (0.8 mL) was added to FeCI2 (57.4 rng,
0.45 numol, 1.2 equiv), and the resulting mixture was sonicated for 30 min, resulting in a
white suspension. Then, the mixture was cooled to 0 oC, and the solution that contained
the Cp*Li was added by cannula to the suspension of FeC12, leading to a green mixture.
which was stirred at 0 OC for 30 min. A solution of 4-chloro-5H-[1]pyrindine and 4-
chloro-7H-[l]pyrindine (50.0 mg, 0.37 mmol, 1 equiv) in THF (1.8 mL) was added to a 0
'C mixture of KH (14.8 mg, 0.37 mmol, 1 equiv) and THF (1.8 mL), yielding a red
mixture. This mixture was stirred until the evolution of H2 had ceased (-10D min). This
deep red solution was added via cannula to the suspension of Cp*FeCl in THF at 0 oC,
leading to the immediate formation of a purple mixture. The reaction mixture was
allowed to warm to room temperature and stirred for 18 h. Then, the purple suspension
was poured onto a plug of silica gel and eluted with hexanes/EtOAc/Et 3N (1/1/0.1).
Removal of the solvent furnished a purple solid, which was purified by flash
chromatography (hexanes/EtOAc/Et 3N = 4/1/0.1 to 1/1/0.1) on silica gel, which afforded
the title compound as a purple solid: 82.5 mg (65% yield). HPLC analysis: [Daicel OD
colutmn; solvent system: hexanes/isopropanol/diethylamine = 97:3:0.4; 0.8 mnL/min;
retention times: 5.3 min, 5.8 min].
'H NMR (C6D6 , 400 MHz): 8 8.27 (d, J= 4.2 Hz, 1H), 6.51 (d, J= 4.2 Hz, 1H),
4.80 (d, J= 1.6 Hz, 1H), 4.38 (d, J= 1.7 Hz, 1H), 3.66 (t, J= 2.6 Hz, 1H), 1.55 (s, 15H);
3C NMR(C 6D6 100 MHz): 8 150.3, 147.1, 115.5, 111.0, 82.0, 78.6, 77.3, 68.4,
62.5, 9.7;
IR (neat) 3440, 2902, 1584, 1491, 1298, 1032, 923, 798 cm-;
LRMS (ES/APCI) calcd for C18H20CIFeN (M+H) 341.7, found 342.0.
The enantiomers of catalyst 1.3 were separated by semi-preparative chiral HPLC:
Daicel OD, 25 cm x 10 mm; hexanes/isopropanol/diethylamine = 97/3/0.4; 0.8 mL/min;
retention times: 29.0 min, 32.9 min.
4-(p-Methylphenyl)pyrindinyl-pentamethylcyclopentadienyliron (1.4). In a
glove box, enantiopure 4-chloropyrindinyl-pentamethylcyclopentadienyliron (1.3) (40
mg, 0.12 mmol), 4-methylphenylboronic acid (18 mg, 0.13 mmol, 1.1 equiv), PCy3 (0 8
mg, 0.0028 mmol, 0.024 equiv), Pd 2(dba)3 (1.1 mg, 0.0017 mmol, 0.01 equiv) anhydrous
K3PO 4 (42 mg, 0.20 mmol, 1.7 equiv), and 1,4-dioxane (1 mL) were combined in a 20-
mL vial. The vial was capped, sealed with electrical tape, removed from the glove box,
and heated to 100 'C for 24 h. Then, the purple-brown mixture was allowed to cool to
room temperature, and then it was poured onto a plug of silica gel and eluted with
hexanes/EtOAc/Et 3N (1/1/0.1). The filtrate was concentrated under vacuum to yield a
purple solid. The product was purified by flash chromatography (hexanes/EtOAc = 10/1
to 5/1) on silica gel, which afforded the title compound as a purple solid: 40 mg (87%
yield).
'H NMR (CDC13, 300 MHz): 8 8.71 (d, J= 3.9 Hz, 1H), 7.60 (d, J= 8.1 Hz, 2H),
7.11-7.08 (m, 4H), 6.71 (d, J= 4.2 Hz, IH), 4.96 (d, J= 2.7 Hz, 1H), 4.53 (d, J= 2.7 Hz,
1H), 3.80 (m, 1H), 2.16 (s, 3H), 1.54 (s, 15H).
4-Methylpyrindinyl-pentamethylcyclopentadienyliron (1.5). In a glove box,
racemic 4-chloropyrindinyl-pentamiethylcyclopentadienyliron (1.3) (150 mg, 0.44 mmol),
methyl boronic acid (32 mg, 0.53 mmol, 1.2 equiv), Pd(PPh3)4 (51 mg, 0.044 mmol, 0.1
equiv), anhydrous K2CO 3 (182 rmg, 1.32 mmol, 3.0 equiv), and 1,4-dioxane (8 mL) were
combined in a 20-mL vial. The vial was capped, sealed with electrical tape, removed
from the glove box, and heated to 100 OC for 24 h. Then, the purple-brown mixture was
allowed to cool to room temperature, and then it was poured onto a plug of silica gel and
eluted with hexanes/EtOAc/Et 3N (1/1/0.1). The filtrate was concentrated under vacuum
to yield a purple solid. The product was purified by flash chromatography
(hexanes/EtOAc = 10/1 to 5/1) on silica gel, which afforded the title compound as a
purple solid: 131mg (93% yield).
'H NMR (CDC13, 300 MHz): 8 8.51 (d, J= 4.2 Hz, 1H), 6.70 (d, J = 3.9 Hz, 1H),
4.72 (d, J= 2.1 Hz, 1H), 4.29 (d, J= 2.4 Hz, 1H), 3.88 (t, J= 2.4 Hz, 1H), 2.40 (s, 3H),
1.65 (s, 15H);
'
3C NMR (75 MHz, CDCl3): 8 151.6, 150.8, 116.0, 109.0, 83.2, 78.3, 76.2, 67.3,
61.8, 19.6, 10.0;
LRMS (ES/APCI) caled for C, 9H23FeN (M+) 321.2, found 321.9.
The enantiomers of catalyst 1.5 were separated by semi-preparative chiral HPLC:
Daicel OD, 25 cm x 10 mm; hexanes/isopropanol/diethylamine = 97/3/0.4; 0.8 mL/min
flow rate; 25.0 mg catalyst in 0.5 mL solvent (hexanes/ether = 4/1) per injection.
(+)-1.5 ([a] 2 5D= +730 (c = 0.0060, CHCl3)) was collected from 55.0 min to 72.5
mmin.
(-)-1.5 ([a] 25D= -730 (c = 0.0060, CHC13)) was collected from 45.0 min to 51.2
min.
The absolute configuration of (-)-1.5 was determined by X-ray crystallography.' l
Pyrindinyl-pentamethylcyclopentadienyliron (1.6). A solution of n-BuLi
(3.41M in hexanes; 1.37 mL, 4.68 mmol, 1.0 equiv) was added dropwise to a solution of
Cp*H (0.637 g, 4.68 mmol, 1.0 equiv) in anhydrous THF (9.4 mL) in a 0 'C ice bath. The
mixture was allowed to warm to room temperature and then stirred for an additional 30
min. Separately, anhydrous THF (12.5 mL) was added to FeC12 (0.593 g, 4.70 mmol, 1.1
equiv), and the resulting mixture was sonicated for 30 min, resulting in a white
suspension. Then, the mixture was cooled to 0 oC, and the solution that contained the
Cp*Li was added by cannula to the suspension of FeCl2, leading to a green mixture,
which was stirred at 0 oC for 30 min. A solution of 5H-[l1]pyrindine and 7H-[ ]pyrindine
(0.546 g, 4.66 mmol, 1.0 equiv) in THF (9.4 mL) was added to a 0 oC mixture of n-BuLi
(3.41M in hexanes; 1.37 mL, 4.68 mmol, 1.0 equiv), yielding a red mixture. This deep
red solution was added via cannula to the suspension of Cp*FeCl in THF at 0 'C, leading
to the imnunediate formation of a purple mixture. The reaction mixture was allowed to
warm to room temperature and stirred for 18 h. Then, the purple suspension was poured
onto a plug of silica gel and eluted with hexanes/EtOAc/Et 3N (1/1/0.1). Removal of the
solvent furnished a purple solid, which was purified by flash chromatography
(hexanes/EtOAc = 5/1 to 5/2) on silica gel, which afforded the title compound as a purple
solid: 1.07 g (67% yield).
HPLC analysis: [Daicel OD column; solvent system:
hexanes/isopropanol/diethylamine = 97/3/0.4; 1.0 mL/min; retention times: 7.6 min, 20.4
min] .
'H NMR (CDCI3, 300 MHz): 6 8.62 (d, J= 2.4 Hz, 1H), 7.82 (d, J= 8.4 Hz, 1H),
6.87 (dd, J= 8.7, 3.9 Hz, 1H), 4.75 (br s, 1H), 4.28 (d, J = 1.8 Hz, 1H), 3.91 (m, 1H),
1.64 (s, 15H).
The enantiomers of catalyst 1.6 were separated by semi-preparative chiral I-IPLC:
Daicel OD, 25 cm x 10 mm; hex/isopropanol/diethylamine = 90/10/0.4.
Pyrindinyl-pentaphenylcyclopentadienyliron (1.7). A solution of n-BuLi (1.6
M in hexanes; 0.44 mL, 0.70 mmol, 1.2 equiv) was added dropwise to a solution of
C5Ph 5H (312 mg, 0.700 mmol, 1.2 equiv) in anhydrous THF (3.5 mL) in a 0 'C ice bath.
The mixture was allowed to warm to room temperature and then stirred for an additional
30 min. Separately, anhydrous THF (3.5 mL) was added to FeCl2 (88 mg, 0.70 mmol, 1.2
equiv), and the resulting mixture was sonicated for 30 min, resulting in a white
suspension. Then, the mixture was cooled to 0 oC, and the solution that c6ntained the
CsPh 5Li was added by cannula to the suspension of FeCl2, leading to a green mixture,
which was stirred at 0 oC for 30 min. A solution of 5H-[1]pyrindine and 7H-[1]pyrindine
(68 mg, 0.58 mmol, 1.0 equiv) in THF (3.5 mL) was added to a 0 'C mixture of KH (28
nmg, 0.70 mmol, 1.0 equiv) and THF (2.0 mL), yielding a red mixture. This mixture was
stirred until the evolution of H2 had ceased (-10 min). This red solution was added via
cannula to the suspension of CsPhsFeCl in THF at 0 'C, leading to the immediate
formation of a purple mixture. The reaction mixture was allowed to warm to room
temperature and stirred for 18 h. Then, the purple suspension was poured onto a plug of
silica gel and eluted with hexanes/EtOAc/Et 3N (1/1/0.1). Removal of the solvent
furnished a purple solid, which was purified by flash chromatography
(hexanes/EtOAc/Et 3N = 10/1/0.1 to 4/1/0.1) on silica gel, which afforded the title
compound as a purple solid: 140 mg (29% yield).
HPLC analysis: [Daicel OD column; solvent system:
hexanes/isopropanol/CH 2CI2/diethylamine = 80/10/10/0.4; 0.8 mL/min; retention times:
5.9 min, 6.9 min].
'H NMR (CDCl 3, 400 MHz): 8 8.47 (dd, J = 3.6, 1.6 Hz, 1H), 7.80 (br d, .J = 9.2
Hz, 1H), 7.15-7.09 (m, 5H), 7.07-7.05 (m, 10OH), 6.93 (dd, J= 11.2, 4.0 Hz), 6.88-6.87
(m, 10H), 5.17 (br d, J = 2.4 Hz, 1H), 4.82-4.79 (br m, 1H), 4.33 (br t, J= 3.2 Hz, 1H).
The enantiomers of catalyst 1.7 were separated by semi-preparative chiral HPLC:
Daicel OD, 25 cm x 10 mm; hexanes/isopropanol/CH 2Cl2/diethylamine = 80/10/10/0.4.
7-Methyl-5H-[1]pyrindine. A solution of n-BuLi (1.6 M in hexanes; 3.4 mL, 5.4
mmol, 1 equiv) was added dropwise to a solution of 5H-[1]pyrindine and 7H-
[1]pyrindine (630 mg, 5.40 mmol, 1.0 equiv) in THF (27 mL) at -20 oC. The mixture
was allowed to warm to 0 'C. To this mixture, was added Mel (0.40 mL, 6.4 nmmol, 1.2
equiv). The resulting dark red mixture was removed from the ice bath and allowed to
warm to room temperature. The mixture was concentrated under reduced pressure,
diluted in Et20 (100 mL) and washed with brine (10 mL). The organic layer was dried
over MgSO 4, concentrated under reduced pressure, and purified by column
chromatography (pentane/Et20 = 1/1 to 1/3) on silica gel, which afforded the title
compound: 178 mg (14% yield). Rf = 0.45 in pentane/Et 20 = 1/1.
H NMR (CDCl3, 400 MHz): 8 8.48-8.46 (m, 1H), 7.67-7.65 (m, 1H). 7.06-7.03
(m, 1H), 6.53 (br s, 1H), 3.27 (br s, 2H), 2.45-2.21 (m, 3H).
The undesired isomer, 5-Methyl-7H-[1]pyrindine: 92 mg (13% yield). Rf = 0.25
in pentane/Et 20 = 1/3.
tH NMR (CDC13, 400 MHz): 8 8.40-8.35 (m, 1H), 7.58-7.54 (m, 1H), 7.21-7.16
(m, 1H), 6.30 (br s, 1H), 3.42 (m, 2H), 2.18-2.15 (m, 3H).
7
-Methylpyrindinyl-pentamethyleyclopentadienyliron (1.8). A solution of n-
BuLi (1.6 M in hexanes; 0.56 mL, 0.89 mmol, 1.2 equiv) was added dropwise to a
solution of Cp*H (0.121 g, 0.890 mmol, 1.2 equiv) in ai-hydrous THF (4.5 mL) in a 0 'C
ice bath. The mixture was allowed to warm to room temperature and then stirred for an
additional 30 min. Separately, anhydrous THF (4.5 mL) was added to FeC12 (0.112 g,
0.890 mmol, 1.2 equiv), and the resulting mixture was sonicated for 30 min, resulting in a
white suspension. Then, the mixture was cooled to 0 oC, and the solution that contained
the Cp*Li was added by cannula to the suspension of FeC12, leading to a green mixture,
which was stirred at 0 oC for 30 min. A solution of 7-Methyl-5H-[1]pyrindine (0.178 g,
4.66 mmol, 1.0 equiv) in THF (4.5 mL) was added to a 0 OC mixture of n-BuLi (1.6 M in
hexanes; 0.93 mL, 1.5 rmnol, 1.7 equiv), yielding a red mixture. This deep red solution
was added via cannula to the suspension of Cp*FeCI in THF at 0 OC, leading to the
immediate formation of a purple mixture. The reaction rhixture was allowed to warm to
room temperature and stirred for 18 h. Then, the purple suspension was poured onto a
plug of silica gel and eluted with hexanes/EtOAc/Et 3N (1/1/0.1). Removal of the solvent
furnished a purple solid, which was purified by flash chromatography
(hexanes/EtOAc/Et 3N = 2/1/0.1) on silica gel, which afforded the title compound as a
purple solid: 100 mg (29% yield).
HPLC analysis: [Daicel OD columnm; solvent system:
hexanes/isopropanol/diethylamine = 97/3/0.4; 1.0 mL/min; retention times: 10.2 min, 18 9
mmin].
'H NMR (CDCI3, 400 MHz): 8 8.66 (dd, J= 3.6 Hz, 1.6 Hz, IH), 7.48 (dd, J =
8.4, 1.6 Hz, IH), 6.53 (dd, J= 8.8, 4.0 Hz, 1H), 4.04 (d, J = 2.8 Hz, 1H), 3.65 (d, J= 2.4
Hz, 1H), 2.50 (s, 3H), 1.58 (s, 15H).
The enantiomers of catalyst 1.8 were separated by semi-preparative chiral HPLC:
Daicel OD, 25 cm x 10 mm; hexanes/isopropanol/diethylamine = 97/3/0.4.
1.4 3 Preparation of Ketenes.
Phenyl isopropyl ketene,' 5 p-chlorophenyl isopropyl ketene,' 5 3-thienyl isopropyl
ketene,4 phenyl cyclohexyl ketene,15 phenyl cyclopentyl ketene,15 phenyl i-butyl ketene, 2
phenyl t-butyl ketene,' 5 phenyl ethyl ketene,'6 m-tolyl ethyl ketene,' 7 o-tolyl ethyl ketene.2
and o-methoxyphenyl methyl ketene4 were synthesized according to literature procedures.
The following syntheses have not been optimized.
p-Methoxyphenyl isopropyl ketene. Me2NEt (12.8 mL, 99.5 mmnol) was added
over 5 min to a 0 oC solution of 2-(4-methoxyphenyl)-3-methylbutanoyl chloride (4 50 g,
19.9 mmol) in THF (40 mL). The resulting mixture was stirred at room temperature for
14 h. Then, it was filtered under nitrogen and concentrated to a bright-yellow liquid,
which was distilled (65 'C, 0.23 Torr) to yield a yellow oil: 1.93 g (51% yield).
'I- NMR (300 MHz, CDCl3): 8 7.01 (d, J= 9.0 Hz, 2H), 6.89 (d, J= 9.0 Hz, 2H),
3.79 (s, 3H), 2.81-2.66 (m, 1H), 1.20 (d, J= 6.9 Hz, 6H);
'
3C NMR (75 MHz, CDCI3): 8 206.1, 157.2, 126.7, 123.9, 114.8, 55.5, 46.7, 30.5,
24.8, 22.3;
IR (neat) 2961, 2091, 1608, 1151, 1280, 1248, 1181, 1039, 825 cml.
o-Tolyl methyl ketene. Me2NEt (14.1 mL, 110 rmnol) was added over 5 min to a
0 'C solution of 2-o-tolylpropanoyl chloride (4.00 g, 21.9 mmol) in THF (40 mL). The
resulting mixture was stirred at room temperature for 13 h. Next, it was filtered under
nitrogen and concentrated to a bright-yellow liquid, which was distilled (43 'C, 0.41
Torr) to yield a yellow oil: 2.07 g (64% yield).
'H NMR (300 MHz, CDCI3): 8 7.24-7.04 (m, 4H), 2.32 (s, 3H), 2.07 (s, 3H);
"C NMR (75 MHz, CDC13): 8 201.1, 134.8, 132.1, 130.6, 126.7, 125.4, 125.2,
30.9, 21.2, 12.0;
IR (neat) 2949, 2096, 1751, 1490, 1266, 1089, 756 cm" .
1.4.4 Catalytic Enantioselective Addition ofHN3 to Phenyl Isopropyl Ketene Under
Previous Conditions: Adapting the Original Conditions for the Catalytic Enantloselective
Additions of 2-Cyanopyrrole to Ketenes 5
In the air, catalyst (+)-1.1 (12.6 mg, 0.033 mmol, 0.1 equiv) was weighted into a
flask, which was then purged with argon. Toluene (30 mL) and a solution of HN3 (2.3M
CH 2CI2; 160 [LL, 0.33 mmol, 1.0 equiv) were added. A solution of phenyl isopropyl
ketene (53. 6 mg, 0.33 mmol) in a toluene (1.0 mL) was added by syringe pump over 30
min. The reaction mixture was stirred for 2 h. Benzene (3 mL) was added, and the
resulting mixture was heated at 90 oC for 1 h. Then, MeOH (2 mL) was added, and the
reaction mixture was heated at 75 'C for 12 h. The mixture was then allowed to cool to
room temperature, and the solution was concentrated under reduced pressure. The
residue was purified by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica
gel, which afforded the desired methyl 2-methyl-l-phenylpropylcarbamate: 34 mg (49%
yield).
HPLC analysis: 38% ee [Daicel CHIRALPAK IA column; solvent system,
hexanes/isopropanol = 97/3; 1.0 mL/nin; retention times: 10.8 min (major), 13.0 min
(minor)],
'H NMR (500 MHz, CDCI3): 8 7.26-7.12 (m, 5H), 5.05 (br s, 1H), 4.38 (br t, J=
8.0 Hz, IH), 3.56 (s, 3H), 1.95-1.89 (m, 1H), 0.88 (d, J= 6.5 Hz, 3H), 0.76 (d, J= 7.0
Hz, 3H).
1.4 5 Catalytic Enantioselective Addition ofHN3 to Ketenes
Table 1.2, General Procedure: In a glove box, a solution of phenyl isopropyl
ketene in a toluene/hexanes mixture was prepared. The flask was capped.with a septum,
removed from the glove box, and cooled to -78 'C. In the air, catalyst (10 mol%) was
weighed into a vial, which was then sealed with a cap equipped with a Teflon septum and
purged with argon. Toluene was added to the catalyst, and the resulting solution was
added via syringe to the -78 'C solution of the ketene, resulting in a purple solution In a
glove box, HN3 was diluted with toluene (1 mL), transferred to a 3-mL syringe, and
removed from the glove box. This solution of HN3 was added by syringe pump over 1.0
h to the -78 OC solution of catalyst and ketene. After the addition was complete, the
reaction mixture was stirred for an additional 5 h at -78 OC. Then, the dry ice-acetone
bath was removed, and the reaction mixture was allowed to warm to room temperature
over -30 min. Benzene (3 mL) was added, and the resulting mixture was-heated at 90 0C
for 1 h. Then, MeOH (2 mL) was added, and the reaction mixture was heated at 75 OC
for 12 h. The mixture was then allowed to cool to room temperature, and the solution
was concentrated under reduced pressure. The residue was purified by flash
chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the desired
methyl 2-methyl-i -phenylpropylcarbamate.
HPLC analysis: [Daicel CHIRALPAK IA column; solvent system:
hexanes/isopropanol = 97/3; 1.0 mL/min; retention times: 10.3 min, 13.0 min].
'H NMR (500 MHz, CDCI3): 6 7.26-7.12 (m, 5H), 5.05 (br s, 1H), 4.38 (br t, J=
8.0 Hz, 1H), 3.56 (s, 3H), 1.95-1.89 (m, 1H), 0.88 (d, J= 6.5 Hz, 3H), 0.76 (d, J= 7.0
Hz, 3H).
Table 1.2, entry 1. General Procedure was followed: phenyl isopropyl ketene
(37.5 mg, 0.234 mmol) in toluene (6 mL) and hexanes (1.5 mL), 1.1 (9.0 mg, 0.024
mmol, 10 mol%) in toluene (1.5 mL), and HN3 (1.3 M in CH2C12; 195 tL, 0.234 mmol,
1.0 equiv) in toluene (1.5 mL). The product was isolated by flash chromatography
(hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the desired methyl
carbamate as a white solid: 42.9 mg (90% yield). HPLC analysis: 3% ee.
Table 1.2, entry 2. General Procedure was followed: phenyl isopropyl ketene
(15.8 mg, 0.0987 mmol) in toluene (0.6 mL) and hexanes (0.4 mL), 1.6 (3.3 mg, 0.0098
mmol, 10 mol%) in toluene (0.2 mL), and HN 3 (1.7 M in CH 2CI2; 65 ltL, 0.098 mmiol,
1.0 equiv) in toluene (0.8 mL). The product was isolated by flash chromatography
(hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the desired methyl
carbamate as a white solid: 17.3 mg (88% yield). HPLC analysis: 61% ee.
Table 1.2, entry 3. General Procedure was followed: phenyl isopi:opyl ketene
(13.4 mg, 0.0837 mmol) in toluene (0.6 mL) and hexanes (0.4 mL), 1.7 (5.4 mg, 0.084
mmol, 10 mol%) in toluene (0.2 mL), and HN3 (1.7 M in CH 2C12; 50 ptL, 0.0837 mmol,
1.0 equiv) in toluene (0.8 mL). The product was isolated by flash chromatography
(hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the desired methyl
carbamate as a white solid: 10.2 mg (59% yield). HPLC analysis: 0% ee.
Table 1.2, entry 4. General Procedure was followed: phenyl isopiopyl ketene
(17.7 mg, 0.111 mmol) in toluene (0.6 mL) and hexanes (0.4 mL), 1.8 (3.9 mg, 0.011
mmol, 10 mol%) in toluene (0.2 mL), and HN 3 (1.7 M in CH2C12; 73 tLL, 0.12 mmrol, 1.0
equiv) in toluene (0.8 mL). The product was isolated by flash chromatography
(hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the desired methyl
carbamate as a white solid: 17.3 mg (76% yield). HPLC analysis: 4% ee.
Table 1.2, entry 5. General Procedure was followed: phenyl isopropyl ketene
(22.1 mg, 0.138 mmol) in toluene (0.6 nmL) and hexanes (0.4 mL), 1.4 (5.9 mg, 0.014
mmol, 10 mol%) in toluene (0.2 mL), and HN3 (1.7 M in CH2C12; 83 ýtL, 0.14 mmol, 1.0
equiv) in toluene (0.8 mL). The product was isolated by flash chromatography
(hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the desired methyl
carbamate as a white solid: 25.7 mg (90% yield). HPLC analysis: 93% ee.
Table 1.2, entry 6. General Procedure was followed: phenyl isopropyl ketene
(18.7 mg, 0.116 mmol) in toluene (0.6 mL) and hexanes (0.4 mL), 1.5 (3.7 mg, 0.012
mmol, 10 mol%) in toluene (0.2 mL), and HN3 (1.7 M in CH 2C12; 77 ýtL, 0. 13 mmol, 1.1
equiv) in toluene (0.8 mL). The product was isolated by flash chromatography
(hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the desired methyl
carbamate as a white solid: 22.5 mg (94% yield). HPLC analysis: 96% ee.
Table 1.3, General Procedure: In a glove box, a solution of o-tolyl ethyl ketene
in a toluene/hexanes mixture was prepared. It was removed from glove box and cooled
to the reaction temperature. In the air, catalyst (10 mol%) was weighed into a vial, which
was then sealed with a cap equipped with a Teflon septum and purged with argon.
Toluene was added to the catalyst, and the resulting solution was added via syringe to the
cold solution of the ketene, resulting in a purple solution. In a glove box,, HN3 (1.1
equiv) was diluted with toluene, transferred to a 3-mL syringe, and removed from the
glove box. This solution of HN3 was added by syringe pump to the cold solution of
catalyst and ketene. After the addition was complete, the reaction mixture was stirred for
an additional time. The reaction mixture was then allowed to warm to room temperature
over -30 min. Benzene (3 mL) was added, and the resulting mixture was heated at 90 oC
for 1 h. Then, MeOH (2 mL) was added, and the reaction mixture was heated at 75 'C
for 12 h. The mixture was then allowed to cool to room temperature, and the solution
was concentrated under reduced pressure. The residue was purified by flash
chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the desired
methyl 1 -o-tolylpropylcarbamate.
HPLC analysis: [Daicel CHIRALPAK IA column; solvent system:
hexanes/isopropanol = 97/3; 1.0 mL/min; retention times: 8.3 min, 11.1 min].
'H NMR (300 MHz, CDCI3): 8 7.21-7.14 (m, 4H), 4.99 (br s, 1H), 4.90-4.78 (im,
1H), 3.65 (s, 3H), 2.42 (s, 3H), 1.82-1.69 (m, 2H), 0.93 (t, J= 7.2 Hz, 3H);
Table 1.3, entry 1. General Procedure was followed: o-tolyl ethyl ketene (20.8
mg, 0.129 mmol) in toluene (0.6 mL) and hexanes (0.4 mL), 1.4 (5.2 mg, 0.0013 mmol,
10 mol%) in toluene (0.2 mL), and HN3 (1.7 M in CH2Cl2; 78 pL, 0.129 mmol, 1.0
equiv) toluene (0.8 mL). The reaction was conducted at -78 'C and 0.065 M with respect
to the ketene. A solution of HN3 was added over the course of 1 h. The product was
isolated by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which
afforded the desired methyl carbamate as a white solid: 23.8 mg (89% yield). HPLC
analysis: 37% ee.
Table 1.3, entry 2. General Procedure was followed: o-tolyl ethyl ketene (18.0
mg, 0.112 nmmol) in toluene (0.6 mL) and hexanes (0.4 mL), 1.5 (4.0 mg, 0.011 mmol, 10
mol%) in toluene (0.2 mL), and HN3 (1.7 M in CH2C12; 68 pL, 0.112 mmol, 1.0 equiv)
toluene (0.8 mL). The reaction was conducted at -78 OC and 0.056 M with respect to the
ketene. A solution of HN3 was added over the course of 1 h. The product was isolated
by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded
the desired methyl carbamate as a white solid: 19.0 mg (81% yield). HPLC analysis: 80%
ee.
Table 1.3, entry 3. General Procedure was followed: o-tolyl ethyl ketene (19.4
mg, 0.121 mmol) in toluene (6.4 mL) and hexanes (1.6 mL), 1.5 (1.8 mg, 0.011 mmol, 10
mol%) in toluene (0.4 mL), and HN3 (1.7 M in CH2Cl2; .68 pL, 0.112 mm.ol, 1.0 equiv)
toluene (0.8 mL). The reaction was conducted at -90 oC and 0.016 M with respect to the
ketene. A solution of HN3 was added over the course of 2 h. The product was isolated
by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded
the desired methyl carbamate as a white solid: 23.5 mg (92% yield). HPLC analysis: 94%
ee.
Table 1.4, General Procedure A. In a glove box, a solution of a ketene in a
toluene/hexanes mixture was prepared in a 25-mL one-necked flask. The flask was
capped with a septum, removed from the glove box, and cooled to -78 GC. In the ail,
catalyst (-)-1.5 (10 mol%) was weighed into a vial, which was then sealed with a cap
equipped with a Teflon septum and purged with argon. Toluene was added to the
catalyst, and the resulting solution was added via syringe to the -78 'C solution of the
ketene, resulting in a purple solution. In a glove box, HN 3 (1.1 equiv) was diluted with
toluene, transferred to a 3-mL syringe, and removed from the glove box. This solution of
HN 3 was added by syringe pump over 1.0 h to the -78 'C solution of catalyst and ketene.
After the addition was complete, the reaction mixture was stirred for an additional 5 h at
-78 'C. Then, the dry ice-acetone bath was removed, and the reaction mixture was
allowed to warm to room temperature over -30 min. Benzene (3 mL) was added, and the
resulting mixture was heated at 90 'C for 1 h. Then, MeOH (2 mL) was added, and the
reaction mixture was heated at 75 'C for 12 h. The mixture was then allowed to cool to
room temperature, and the solution was concentrated under reduced pressure. The
residue was purified by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica
gel, which afforded the desired methyl carbamate.
Table 1.4, entry 1. (R)-Methyl 2-methyl-l-phenylpropylcarbamate. General
Procedure A was followed: phenyl isopropyl ketene (48.0 mg, 0.30 mmol) in toluene (3.5
mL) and hexanes (1.5 mL), (-)-1.5 (9.6 mg, 0.030 mmol, 10 mol%) in toluene (1.0 mL),
and HN 3 (0.90 M in CH2C 2 ; 367 gL, 0.33 mmol, 1.1 equiv) in toluene (1.5 mL). The
product was isolated by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica
gel, which afforded the desired methyl carbamate as a white solid: 57.0 mg (90% yield)
[This reaction was also run on a 1.17 mmol scale, which provided the desired
product in 203 mg (84% yield). HPLC analysis: 94% ee].
[a]23 D = 69.5 (c = 0.66, CHC13). HPLC analysis: 96% ee [Daicel CHIRALPAK
IA column; solvent system: hexanes/isopropanol = 97/3; 1.0 mL/min; retention times:
10.3 min (minor), 13.0 min (major)].
The second run was performed with the other enantiomer of catalyst 1.5: phenyl
isopropyl ketene (18.7 mg, 0.12 mmol) in toluene (0.4 mL) and hexanes (0.5 mL), (+)-1.5
(3.7 mg, 0.012 mmol, 10 mol%) in toluene (0.6 mL), and HN 3 (1.7 M in CH 2C12; 77 tiL,
0.13 mmol, 1.1 equiv) in toluene (1.0 mL). The (S) product was isolated by flash
chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the desired
methyl carbamate as a white solid: 22.5 mg (94% yield). HPLC analysis: 96% ee.
'H NMR (500 MHz, CDCl 3): 8 7.26-7.12 (m, 5H), 5.05 (br s, 1H), 4.38 (br t, J=
8.0 Hz, 1H), 3.56 (s, 3H), 1.95-1.89 (m, 1H), 0.88 (d, J = 6.5 Hz, 3H), 0.76 (d, J= 7.0
Hz, 3H);
"
3C NMR (75 MHz, CDC13): 8 156.8, 142.1, 128.6, 127.3, 126.9, 61.3, 52.3, 33 8,
19.9, 18.8;
IR (neat) 3291, 1689 (C=O), 1537, 1243, 1023, 699 cmnf;
EIMS (70 eV) nm/z: calcd for C12H17NO2 (M+): 207, found 207.
Table 1.4, entry 2. (R)-Methyl 1-(p-chlorophenyl)-2-methylpropylcarbamate.
General Procedure A was followed: p-chlorophenyl isopropyl ketene (59.0 mg, 0.30
mmol) in toluene (3.5 mL) and hexanes (1.5 mL), (-)-1.5 (9.6 mg, 0.030 rnuol, 10
mol%) in toluene (1.0 mL), and HN3 (2.0 M in CH 2Cl 2; 167 [tL, 0.33 mmol, 1.1 equiv) in
toluene (1.5 mL). The product was isolated by flash chromatography (hexanes/EtOAc =
20/1 to 10/1) on silica gel, which afforded the desired methyl carbamate as a white solid[
65.0 mg (90% yield).
[a]23D = 65.9 (c = 1.85, CHC13). HPLC analysis: 93% ee [Daicel CHIRALPAK
IA column; solvent system: hexanes/isopropanol = 97/3; 1.0 mL/min; retention times:
12.4 min (minor), 15.3 min (major)].
The second run was performed with the other enantiomer of catalyst 1.5: p-
chlorophenyl isopropyl ketene (50.0 mg, 0.26 mmol) in toluene (3.5 mL) and hexanes
(1.5 mL), (+)-1.5 (8.4 mg, 0.026 mmol, 10 mol%) in toluene (1.0 mL), and HN3 (1.2 M
in CH 2C12; 236 ýpL, 0.28 mmol, 1.1 equiv) in toluene (1.5 mL). The (S) product was
isolated by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which
afforded the desired methyl carbamate as a white solid: 55.0 mg (89% yield). HPLC
analysis: 92% ee.
'H NMR (500 MHz, CDC13): 8 7.30-7.13 (m, 4H), 5.13 (br d, J= 13.0 Hz, 1H),
4.40 (br t, J= 13.0 Hz, 1H), 3.63 (s, 3H), 1.98-1.88 (m, 1H), 0.93 (d, J= 11.0 H-z, 314),
0.81 (d, J= 11.0 Hz, 3H);
'
3C NMR (75 MHz, CDC13): 8 156.7, 140.7, 132.9, 128.7, 128.3, 60.8, 52.3, 33.6,
19.9, 18.7;
IR (neat) 3342, 2958, 1692 (C=O), 1536, 1256, 1030, 825 cm';
EIMS (70 eV) m/z: calcd for C12H16CIN0 2 (M+): 241, found 241.
Table 1.4, entry 3. (R)-Methyl 1-(p-methoxyphenyl)-2-
methylpropylcarbamate. General Procedure A was followed: p-methoxyphenyl
isopropyl ketene (18.4 mg, 0.10 mmol) in toluene (0.4 mL) and hexanes (0.5 mL), (-)-1.5
(3.2 mg, 0.010 mnmol, 10 mol%) in toluene (0.6 mL), and HN 3 (2.3 M in CH 2CI2; 46 pL,
0.11 mmol, 1.1 equiv) in toluene (1.0 mL). The product was isolated by flash
chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the desired
methyl carbamate as a white solid: 21.6 mg (95% yield).
[a]D2 3 = 80.7 (c = 0.83, CHC13). HPLC analysis: >98% ee [Daicel CHIRALPAK
IA column; solvent system: hexanes/isopropanol = 97/3; 1.0 mL/min; retention times:
15.6 min (minor), 23.2 min (major)].
The second run was performed with the other enantiomer of catalst 1.5: p-
methoxyphenyl isopropyl ketene (53.0 mg, 0.28 rmmol) in toluene (3.5 mL) and hexanes
(1.5 mL), (+)-1.5 (9.0 mg, 0.028 mmol, 10 mol%) in toluene (1.0 mL), and HN3 (1.J1 M
in CH2C12; 307 jL, 0.31 mmol, 1.1 equiv) in toluene (1.5 mL). The (S) product was
isolated by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which
afforded the desired methyl carbamate as a white solid: 70.0 mg (92% yield). HPLC
analysis: 96% ee.
'H NMR (500 MHz, CDCl3): 8 7.14 (d, J= 9.0 Hz, 2H), 6.86 (d, J= 9.0 Hz, 2 H),
5.30 (br d, J= 9.0 Hz, 1H), 4.40 (br t, J= 9.0 Hz, 1H), 3.80 (s, 3H), 3.64 (s, 3H), 2.00-
1.81 (m, 1H), 0.96 (d, J= 6.5 Hz, 3H), 0.82 (d, J= 6.5 Hz, 3H);
13C NMR (75 MHz, CDC13): 6 158.8, 156.7, 134.2, 128.0, 113.9, 60.9, 55.4, 52.3,
33.8, 19.9, 19.0;
IR (neat) 3348, 2956, 1693 (C=O), 1537, 1299, 1258, 1025, 812 cmr';
EIMS (70 eV) m/z: calcd for C13H19NO3 (M+): 237, found 237.
Table 1.4, entry 4. (R)-Methyl 2-m ethyl-l-(thiophen-3-yl)propylcarbamate.
General Procedure A was followed: 3-thiophenyl isopropyl ketene (20.4 mg, 0.12 mmol)
in toluene (0.4 mL) and hexanes (0.5 mL), (-)-1.5 (4.0 mg, 0.012 mmol, 10 mol%) in
toluene (0.6 mL), and HN 3 (2.3 M in CH 2C12; 59 jtL, 0.14 mmol, 1.1 equiv) in toluene
(1.0 mL). The product was isolated by flash chromatography (hexanes/EtOAc = 20/1 to
10/1) on silica gel, which afforded the desired methyl carbamate as a white solid: 24.2
mg (93% yield).
[a]D 23 = 54.7 (c = 1.72, CHC13). HPLC analysis: 95% ee [Daicel CHIRALPAK
IA column; solvent system: hexanes/isopropanol = 97/3; 1.0 mL/min; retention times:
12.5 min (minor), 17.6 min (major)].
The second run was performed with the other enantiomer of catalyst 1.5: 3-
thiophenyl isopropyl ketene (37.0 mg, 0.22 mmol) in toluene (3.5 mL) and hexanes (1 5
mL), (+)-1.5 (7.1 mg, 0.022 mmol, 10 mol%) in toluene (1.0 mL), and HN 3 (0.90 M in
CH 2C12; 272 ptL, 0.25 mmol, 1.1 equiv) in toluene (1.5 mL). The (S) product was
isolated by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which
afforded the desired methyl carbamate as a white solid: 43.0 mg (91% yield). HPLC
analysis: 94% ee.
'H NMR (500 MHz, CDC13): 8 7.28 (dd, J= 5.0, 2.5 Hz, 1H), 7.07 (br s, 1H),
6.96 (br d, J= 5.0 Hz, 1H), 4.98 (br s, 1H), 4.64 (br t, J= 8.0 Hz, 1H), 3.67 (s, 3H), 2.09-
2.02 (m, 1H), 0.92 (d, J= 7.0 Hz, 3H), 0.89 (d, J = 7.0 Hz, 3H);
13C NMR (75 MHz, CDCl3): 8 156.8, 143.0, 126.2, 126.1, 121.2, 57.1, 52.3, 33.5,
19.7, 18.4;
IR (neat) 3324, 2959, 1698 (C=O), 1539, 1244, 1029, 779 cm'';
EIMS (70 eV) nm/z: calcd for CloHIsNO 2S (M+): 213, found 213.
Table 1.4, entry 5. (R)-Methyl cyclohexyl(phenyl)methylcarbamate. General
Procedure A was followed: phenyl cyclohexyl ketene (62.0 mg, 0.31 mmol) in toluene
(3.5 mL) and hexanes (1.5 mL), (-)-1.5 (9.9 mg, 0.031 mmol, 10 mol%) in toluene (1.0
mL), and HN3 (2.3 M in CH2C12; 148 pL, 0.34 mmol, 1.1 equiv) in toluene (1.5 mL).
The product was isolated by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on
silica gel, which afforded the desired methyl carbamate as a white solid: 71.0 mg (93%
yield).
[a]D23 = 54.0 (c = 1.64, CHCl3). HPLC analysis: 96% ee [Daicel CHIRALPAK
IA column; solvent system: hexanes/isopropanol = 97/3; 1.0 mL/min; retention times:
13.4 min (minor), 14.9 min (major)].
The second run was performed with the other enantiomer of catalyst 1.5: phenyl
cyclohexyl ketene (52.0 mg, 0.26 mmol) in toluene (3.5 mL) and hexanes (1.5 mL), (+)-
1.5 (8.4 mg, 0.026 mmol, 10 mol%) in toluene (1.0 mL), and HN3 (1.0 M'in CH2C12; 286
ptL, 0.29 mmol, 1.1 equiv) in toluene (1.5 mL). The (S) product was isolated by flash
chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the desired
methyl carbamate as a white solid: 58.0 mg (91% yield). HPLC analysis: 96% ee.
'H NMR (500 MHz, CDC13): 8 7.35-7.18 (m, 5H), 5.13 (br s, 1H), 4.47 (br t, J=
8.5 Hz, 1H), 3.64 (s, 3H), 1.87 (br d, J= 13.0 Hz, 1H), 1.80-1.72 (m, 1H), 1.70-1.60 (m,
3H), 1.43 (br d, J= 13.0 Hz, 1H), 1.22-1.10 (m, 3H), 1.06-0.90 (m, 2H);
"
3C NMR (125 MHz, CDC13): 8 156.8, 142.0, 128.6, 127.2, 127.0, 60.7, 52.2,
43.5, 30.3, 29.4, 26.4, 26.21, 26.20;
IR (neat) 3366, 2938, 1692 (C=O), 1531, 1248, 1023, 759, 701 cm-';
EIMS (70 eV) m/z: calcd for C15H21NO2 (M+): 247, found 247.
Table 1.4, entry 6. (R)-Methyl cyclopentyl(phenyl)methylcarbamate. Geneial
Procedure A was followed: phenyl cyclopentyl ketene (53.0 mg, 0.28 mmol) in toluene
(3.5 mL) and hexanes (1.5 mL), (-)-1.5 (9.2 mg, 0.028 mmol, 10 mol%) in toluene (1.0
mL), and HN 3 (2.3 M in CH2C12; 136 ýtL, 0.31 mmol, 1.1 equiv) in toluene (1.5 mL) The
product was isolated by flash chromatography (hexanes/EtOAc = 20/1 to .10/1) on silica
gel, which afforded the desired methyl carbamate as a white solid: 62.0 mg (94% yield).
[a]D23 = 136 (c = 0.65, CHC13). HPLC analysis: 97% ee [Daicel CHIRALPAK IA
column; solvent system: hexanes/isopropanol = 97/3; 1.0 mL/min; retention times:
13.1min (minor), 14.3 min (major)].
The second run was performed with the other enantiomer of catalyst 1.5: phenyl
cyclopentyl ketene (50.0 mg, 0.27 nmmol) in toluene (3.5 mL) and hexanes (1.5 mL), (+)-
1.5 (8.7 mg, 0.027 mmol, 10 mol%) in toluene (1.0 mL), and HN3 (1.1 M in CH2Cl2, 296
gtL, 0.30 mmol, 1.1 equiv) in toluene (1.5 mL). The (S) product was isolated by flash
chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the desired
methyl carbamate as a white solid: 57.5 mg (92% yield). HPLC analysis: 94% ee.
'H NMR (500 MHz, CDCl3): 8 7.34-7.22 (m, 5H), 5.15 (br s, 1H), 4.46 (br t, J=
8.5 Hz, IH), 3.63 (s, 3H), 2.26-2.18 (m, 1H), 1.88-1.80 (m, 1H), 1.74-1.40 (m, 6H), 1.20-
1.12 (m, 1H);
'
3C NMR (75 MHz, CDC13): 8 156.6, 143.0, 128.6, 127.3, 127.0, 60.2, 52.2, 46.0,
30.4, 30.1, 25.4;
IR (neat) 3362, 2945, 1693 (C=O), 1529, 1293, 1255, 1025, 700 cmr';
EIMS (70 eV) m/z: calcd for C14Hj9NO2 (M+): 233, found 233.
Table 1.4, entry 7. (R)-Methyl 2,2-dimethyl-l-phenylpropylcarbamate.
General Procedure A was followed: phenyl t-butyl ketene (46.0 mg, 0.26 mmol) in
toluene (3.5 mL) and hexanes (1.5 mL), (-)-1.5 (8.5 mg, 0.026 mmol, 10 mol%) in
toluene (1.0 mL), and HN3 (1.5 M in CH2C12; 193 CpL, 0.29 mmol, 1.1 equiv) in toluene
(1.5 mL). The product was isolated by flash chromatography (hexanes/EtOAc = 20/1 to
10/1) on silica gel, which afforded the desired methyl carbamate as a white solid: 54.0
mg (93% yield).
[a]D23 = 39.2 (c = 0.68, CHC13). HPLC analysis: 79% ee [Daicel CHIRALPAK IA
column; solvent system: hexanes/isopropanol = 97/3; 1.0 mL/min; retention times: 8.9
min (minor), 11.2 min (major)].
The second run was performed with the other enantiomer of catalyst 1.5: phenyl t-
butyl ketene (19.0 mg, 0.11 mmol), (+)-1.5 (3.5 mg, 0.011 mmol, 10 mol%), and HN3
(1.0 M in CH2C12; 120 gxL, 0.12 mmol, 1.1 equiv). The (S) product was isolated by flash
chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the desired
methyl carbamate as a white solid: 22.5 mg (94% yield). HPLC analysis': 74% ee.
'H NMR (500 MHz, CDCl3): 8 7.32-7.16 (m, 5H), 5.31 (br s, 1H), 4.50 (d, J= 9.0
Hz, IH), 3.63 (s, 3H), 0.92 (s, 9H);
'
3C NMR (125 MHz, CDC13): 6 156.7, 140.5, 128.1, 128.0, 127.2, 64.1, 52.3, 35.1,
26.9;
IR (neat) 3336, 2955, 1699 (C=O), 1540, 1366, 1252, 1011, 706 cm"';
EIMS (70 eV) m/z: calcd for C13H19NO2 (M+): 221, found 221.
Table 1.4, General Procedure B. In a glove box, a solution of a ketene in a
toluene/ hexanes mixture was prepared in a 25-mL one-necked flask. The flask was
capped with a septum, removed from the glove box, and cooled to -90 oC. In the air,
catalyst (-)-1.5 (10 mol%) was weighed into a vial, which was then sealed with a cap
equipped with a Teflon septum and purged with argon. Toluene was added to the
catalyst, and the resulting solution was added via syringe to the -90 'C solution of the
ketene, resulting in a purple solution. In a glove box, HN 3 (1.1 equiv) was diluted with
toluene, transferred to a 3-mL syringe, and removed from the glove box. This solution of
HN 3 was added by syringe pump over 2 h to the -90 °C solution of catalyst and ketene.
After the addition was complete, the reaction mixture was stirred for an additional 4 h at
-90 *C. Then, the reaction vessel was removed from the cooling bath and allowed to
warm to room temperature over -30 min. Benzene (3 mL) was added, and the resulting
mixture was heated to reflux for 1 h. Then, MeOH (1.5 mL) was added, and the reaction
mixture was refluxed for 12 h. The mixture was then allowed to cool to room
temperature, and the solution was concentrated under reduced pressure. The residue was
purified by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which
afforded the desired methyl carbamate.
Table 1.4, entry 8. (R)-Methyl 1-o-tolylpropylcarbamate. General Proceduie B
was followed: o-tolyl ethyl ketene (19.4 mg, 0.121 mmol) in toluene (6.4 mL) and
hexanes (1.6 mL), (-)-1.5 (4.2 mg, 0.012 mmol, 10 mol%) in toluene (0.4 mL), HN3 (2.3
M in CI- 2C12; 58 .tL, 0.145 mmol, 1.1 equiv) in toluene (0.8 mL). The residue was
purified by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which
afforded the desired methyl carbamate as a colorless oil: 23.5 mg (94% yield).
[a]D23 = 76.3 (c = 0.63, CHC13). HPLC analysis: 94% ee [Daicel CHIRALPAK IA
column; solvent system: hexanes/isopropanol = 97/3; 1.0 mL/min; retention times: 8.3
min (minor), 11.1 min (major)].
The second run was performed with the other enantiomer of catalyst 1.5: o-tolyl
ethyl ketene (48.0 mg, 0.30 mmol) in toluene (22.5 mL) and hexanes (5 nmL), (+)-1.5 (9.6
mg, 0.030 mmol, 10 mol%) in toluene (1.0 mL), and HN3 (1.0 M in CH 2C12; 330 gL,
0.33 mmol, 1.1 equiv) in toluene (1.5 mL). The (S) product was isolated by flash
(hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the desired methyl
carbamate as a colorless oil: 57.0 mg (92% yield): HPLC analysis: 94% ee.
'H NMR (300 MHz, CDCI3): 6 7.21-7.14 (m, 4H), 4.99 (br s, 1H), 4.90-4.78 (m,
1H), 3.65 (s, 3H), 2.42 (s, 3H), 1.82-1.69 (m, 2H), 0.93 (t, J= 7.2 Hz, 3H);
'
3C NMR (75 MHz, CDCI3): 8 156.6, 141.0, 136.0, 130.8, 127.2, 126.5, 125.0,
52.9, 52.2, 29.5, 19.6, 11.0;
IR (neat) 3359, 2968, 1695 (C=O), 1531, 1240, 1026, 755, 710 cm'";
EIMS (70 eV) m/z: calcd for C12Ht7NO2 (M+): 207, found 207.
Table 1.4, entry 9. (R)-Methyl 1-o-tolylethylcarbamate. General Procedure B
was followed: o-tolyl methyl ketene (24.0 mg, 0.160 mmol) in toluene (6.4 mL) and
hexanes (1.4 mL), (-)-1.5 (5.3 mg, 0.016 mmol, 10 mol%) in toluene (0.4 mL), and I-IN 3
(1.1 M in CH2C12; 164 pLL, 0.18 mmol, 1.1 equiv) in toluene (0.8 mL). The product was
isolated by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silic,a gel, which
afforded the desired methyl carbamate as a colorless oil: 29.0 mg (91% yield).
[a]D23 = 41.9 (c = 0.64, CHC13). HPLC analysis: 79% ee [Daicel CHIRALPAI( IA
column; solvent system: hexanes/isopropanol = 97/3; 1.0 mL/min; retention times- 9.3
min (minor), 11.2 min (major)].
The second run was performed with the other enantiomer of catalyst 1.5: o-tolyl
methyl ketene (42.0 mg, 0.29 mmol) in toluene (22.5 mL) and hexanes (5.0 mL), (+)-1.5
(9.3 mg, 0.029 mmol, 10 mol%) in toluene (1.0 mL), and HN3 (1.0 M in CH2CI2; 316 ViL,
0.32 mmol, 1.1 equiv) in toluene (1.5 mL). The (S) product was isolated by flash
chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the desired
methyl carbamate as a colorless oil: 49.0 mg (89% yield). HPLC analysis. 82% ee.
'H NMR (300 MHz, CDCl3): 8 7.30-7.15 (m, 4H), 5.10-4.95 (m, 2H), 3.66 (s, 3H),
2.41 (s, 3H), 1.46 (d, J= 6.3 Hz, 3H);
'
3C NMR (75 MHz, CDC13): 8 156.3, 141.7, 135.6, 130.8, 127.4, 126.5, 124.6.
52.2, 47.2, 21.9, 19.3;
IR (neat) 3329, 2930, 1695 (C=O), 1532, 1249, 1070, 759 cm'';
EIMS (70 eV) m/z: calcd for CHis15N0 2 (M+): 193, found 193.
Table 1.4, entry 10. (R)-Methyl 1-(p-methoxyphenyl)propylcarbamate. General
Procedure B was followed: p-methoxyphenyl ethyl ketene (53.0 mg, 0.30 mmol) in
toluene (22.5 mL) and hexanes (5.0 mL), (-)-1.5 (9.6 mg, 0.030 mmol, 10 mol%) in
toluene (1.0 mL), and HN 3 (2.0 M in CH2C12; 167 gL, 0.33 mmol, 1.1 equiv) in toluene
(1.5 mL). The product was isolated by flash chromatography (hexanes/EtOAc = 20/1 to
10/1) on silica gel, which afforded the desired methyl carbamate as a white solid: 62.0
mg (93% yield).
[a]D23 = 54.6 (c = 1.53, CHCl3). HPLC analysis: 55% ee [Daicel CHIRALPAK IA
column; solvent system: hexanes/isopropanol = 97/3; 1.0 mL/min; retention times: 16.9
min (minor), 22.6 min (major)].
The second run was performed with the other enantiomer of catalyst 1.5: p-
methoxyphenyl ethyl ketene (45.0 mg, 0.26 mmol) in toluene (22.5 mL) and hexanes (5 0
mL), (+)-1.5 (8.3 mg, 0.026 nummol, 10 mol%) in toluene (1.0 mL), and HN3 (0.90 M in
CH2CI2; 312 ýLL, 0.28 mmol, 1.1 equiv) in toluene (1.5 mL). The (S) product was
isolated by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which
afforded the desired methyl carbamate as a white solid: 51.0 mg (90% yield): HPLC
analysis: 55% ee.
'H NMR (500 MHz, CDCI3): 8 7.19 (d, J= 14.0 Hz, 2H), 6.89-6.85 (m, 2H), 5.00
(br s, 1H), 4.55-4.48 (m, 1H), 3.79 (s, 3H), 3.64 (s, 3H),' 1.86-1.69 (m, 2H), 0.89 (t, J=
12.0 Hz, 3H);
13C NMR (75 MHz, CDC13): 8 158.8, 156.6, 134.8, 127.7, 114.1, 56.5, 55.4, 52.2,
29.7, 10.9;
IR (neat) 3356, 2961, 1691 (C=O), 1528, 1238, 1030, 817 cm'';
EIMS (70 eV) m/z: calcd for C12H17N0 3 (M+): 223, found 223.
Table 1.4, entry 11. (R)-Methyl 1-(o-methoxyphenyl)ethylcearbamate. General
Procedure B was followed: o-methoxyphenyl methyl ketene (53.0 mg, 0.32 mmol) in
toluene (22.5 mL) and hexanes (5.0 mL), (-)-1.5 (10.2 mg, 0.032 mmol, 10 mol%) in
toluene (1.0 mL), and HN 3 (2.0 M in CH2Cl2; 180 pL, 0.36 mmol, 1.1 equiv) in toluene
(1.5 mL). The product was isolated by flash chromatography (hexanes/EtOAc = 20/1 to
10/1) on silica gel, which afforded the desired methyl carbamate as a colorless oil: 61.0
mg (91% yield).
[a]D23 = 95.4 (c = 0.58, CHCI3). HPLC analysis: 70% ee [Daicel CHIRALPAK IA
column; solvent system: hexanes/isopropanol = 97/3; 1.0 mL/min; retention times: 12.0
min (minor), 14.4 min (major)].
The second run was performed with the other enantiomer of catalyst 1.5: o-
methoxyphenyl methyl ketene (42.0 mg, 0.26 mmol) in toluene (22.5 mL) and hexanes
(5.0 mL), (+)-1.5 (8.3 mg, 0.026 mmol, 10 mol%) in toluene (1.0 mL), and HN 3 (0.90 M
in CH2CI2; 317 [tL, 0.29 mmol, 1.1 equiv) in toluene (1.5 mL). The (S) product was
isolated by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which
afforded the desired methyl carbamate as a colorless oil: 48.0 mg (89% yield). HPLC
analysis: 70% ee.
'H NMR (500 MHz, CDCI3): 8 7.28-7.19 (m, 2H), 6.95-6.87 (m, 2H), 5.58 (br s,
1H), 5.10-4.90 (m, 1H), 3.87 (s, 3H), 3.65 (s, 3H), 1.46 (d, J = 11.0 Hz, 3H);
3C NMR (75 MHz, CDC13): 8 157.1, 156.4, 131.4, 128.6, 127.9, 121.0, 111.1, 55.5, 52.1,
49.3, 21.9;
IR (neat) 3349, 2946, 1692 (C=O), 1534, 1242, 1073, 1027, 751, 700 cm-;
EIMS (70 eV) m/z: calcd for C1 H15uNO3 (M+): 209, found 209.
Table 1.4, entry 12. (R)-Methyl 1-phenylpropylcarbamate. General Procedure B
was followed: phenyl ethyl ketene (17.9 mg, 0.12 mmol) in toluene (6.4 mL) and hexanes
(1.6 mL), (-)-1.5 (4.0 mg, 0.012 mmol, 10 mol%) in toluene (0.4 mL), and HN 3 (2.3 M
in CH2C12; 59 pL, 0.15 mmol, 1.1 equiv) in toluene (0.8 mL). The product was isolated
by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded
the desired methyl carbamate as a colorless oil: 21.2 mg (90% yield). HPLC analysis: 4%
ee [Daicel CHIRALPAK IA column; solvent system: hexanes/isopropanol = 97/3; 1.0
mL/min; retention times: 11.7 min (minor), 13.6 min (major)].
The second run was performed with the other enantiomer of catalyst 1.5: phenyl
ethyl ketene (43.8 mg, 0.30 mmol) in toluene (22.5 mL) and hexanes (5.0 mL), (+)-1.5
(9.6 mg, 0.030 mmol, 10 mol%) in toluene (1.0 mL), and HN 3 (0.90 M in CH2C12; 367
LtL, 0.33 mmol, 1.1 equiv) in toluene (1.5 mL). The (S) product was isolated by flash
chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the desired
methyl carbamate as a colorless oil: 51.0 mg (88% yield). HPLC analysis: 5% ee.
'H NMR (400 MHz, CDCl3): 8 7.35-7.31 (m, 2H), 7.27-7.19 (m, 3H), 4 95-4.93 (m,
1H), 4.59-4.57 (m, 1H), 3.65 (s, 3H), 1.81-1.77 (m, 2H), 0.91 (dd, J= 7.4, 3.0 Hz, 3H),
3C NMR (100 MHz, CDC13): 6 156.4, 142.5, 128.3, 127.0, 126.2, 56.7, 51.8, 29.4,
10.6;
IR (neat) 3302, 2960, 1693 (C=O), 1542, 1304, 1260, 703 cm'; .
LRMS (ES/APCI) caled for CIIH 15N0 2 (M+Na+) 216.1, found 216.1.
Table 1.4, entry 13. (R)-Methyl 1-phenyl-3-methylbutylcarbamate. General
Procedure B was followed: phenyl i-butyl ketene (8.9 mg, 0.051 mmol) in toluene (5.4
mL) and hexanes (1.6 mL), (-)-1.5 (1.6 mg, 0.0051 mmol, 10 mol%) in toluene (0.2 mL),
and HN 3 (2.3 M in CH2C12; 24 [LL, 0.056 mmol, 1.1 equiv) in toluene (0.8 mL). The
product was isolated by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica
gel, which afforded the desired methyl carbamate as a colorless oil: 10.2 mg (90% yield)
HPLC analysis: 26% ee [Daicel CHIRALPAK IA column; solvent system:
hexanes/isopropanol = 97/3; 1.0 mL/min; retention times: 10.1 min (mindr), 11 6 min
(major)].
'H NMR (400 MHz, CDCl3): 8 7.25-7.38 (m, 2H), 7.20-7.25 (m, 3H), 4.83-5.03 (1n,
1H), 4.59-4.81 (mi, 1H), 3.63 (s, 3H), 1.47-1.76 (m, 3H), 0.94 (d, J= 6.1 Hz, 6H);
'
3C NMR (100 MHz, CDC13): 8 156.9, 143.1, 128.6, 127.2, 126.3, 53.5, 52.0, 46.0,
24.9, 22.6, 22.4;
IR (neat) 3333, 3030, 2955, 1691 (C=0), 1541, 1289, 1032, 703 cm-';
LRMS (ES/APCI) calcd for C, 3Hg1 NO2 (M+Na+) 244, found 244.1.
Table 1.4, entry 14. (R)-Methyl 1-m-tolylpropylcarbamate. General Procedure B
was followed: m-tolyl ethyl ketene (53.0 mg, 0.331 mmol) in toluene (22.5 mL) and
hexanes (5.0 mL), (-)-1.5 (1.6 mg, 0.033 mmol, 10 mol%) in toluene (1.0 mL), and IHN3
(1.4 M in CH 2C12; 192 gpL, 0.364 mmol, 1.1 equiv) in toluene (1.5 mL). The product was
isolated by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which
afforded the desired methyl carbamate as a colorless oil: 63.1 mg (90% yield). HPLC
analysis: 30% ee [Daicel CHIRALPAK IA column; solvent system: hexanes/isopropanol
= 97/3; 1.0 mL/min; retention times: 9.9 min (minor), 11.0 min (major)].
'H NMR (300 MHz, CDCl3): 8 7.26-7.16 (m, 3H), 7.07 (br s, 1H), 4.91 (br s, 1H),
4.54 (br d, 1H), 3.65 (s, 3H), 3.45 (s, 3H), 1.80-1.76 (m, 1H), 0.90 (t, J= 7.2 Hz, 3H).
1.4 6 Assignment ofthe Absolute Configuration of the Reaction Products.
(S)-1-o-Tolylpropan-l-amine. In a glove box, a solution of o-tolyl ethyl ketene
(57.0 mg, 0.35 mmol) in toluene (22.5 mL) and hexanes (5 mL) was prepared in a 50-mL
one-necked flask. The flask was capped with a septum, removed from the glove box, and
cooled to -90 OC. In the air, catalyst (+)-1.5 (11.6 mg, 0.035 mmol, 10 mol%) was
weighed into a vial, which was then sealed with a cap equipped with a Teflon septum and
purged with argon. Toluene (1.0 mL) was added to the catalyst, and the resulting
solution was added via syringe to the -90 °C solution of the ketene, resulting in a purple
solution. In a glove box, HN 3 (1.1 M in CH2C12; 356 ýpL, 0.39 mmol, 1.1 equiv) was
diluted with toluene (1.5 mL), transferred to a 3-mL syringe, and removed from the glove
box. This solution of HN3 was added by syringe pump over 2 h to the -90 OC solution of
catalyst and ketene. After the addition was complete, the reaction mixture was stirred for
an additional 4 h at -90 'C. Then, the reaction vessel was removed from the cooling bath
and allowed to warm to room temperature over -30 min. Benzene (3 mL) was added.
and the resulting mixture was heated to reflux for 1 h. The solvent was then removed, a
solution of HCI (8 M; 20 mL) was added, and the reaction mixture was heated to reflux
for 13 h. The mixture was neutralized with a 10% aqueous solution of NaOH and
extracted with Et20. The organics layers were combined, washed with brine, dried
(Na2SO4), filtered, and concentrated to dryness. The product was isolated by flash
chromatography (MeOH/CH 2CI2 = 99/1 to 95/5) on silica gel, which afforded the desired
primary amine as a pale-yellow oil: 51.0 mg (97% yield). HPLC analysis of methyl
carbamate derivative: 90% ee [Daicel CHIRALPAK IA
column; solvent system: hexanes/isopropanol = 97/3; 1.0 mL/min; retention times: 8.3
min (minor), 11.1 min (major)].
The spectral data of the amine are consistent with those reported in the literature.'8
'H NMR (500 MHz, CDC13): 8 7.40 (d, J = 8.0 Hz, 1H), 7.24-7.19 (m, IH), 7.14-
7.12 (m, 2H), 4.09 (t, J= 7.0 Hz, 1H), 2.35 (s, 3H), 1.75-1.60 (m, 2H), 1.45 (br s, 2H),
0.92 (t, J= 7.5 Hz, 3H).
The spectral data of the amine are consistent with those reported in the literature. 19
'H NMR (500 MHz, CD 30D): 8 7.47 (d, J= 7.5 Hz, 1H), 7.38-7.31 (m, 2H), 7.30
(d, J= 4.0 Hz, 1H), 4.52 (dd, J= 8.0, 6.0 Hz, 1H), 2.44 (s, 3H), 2.13-2.07 (m, 1H), 2.02-
1.95 (m, 1i), 0.93 (t, J = 7.5 Hz, 3H).
[a]D 23 = 12.0 (c = 0.60, CH30H). [lit.'" [a]D2 3 = 23.3 (c = 0.93, CD 30D) for the (S)
isomer]
(S)-2-Methyl-l-phenylpropan-l-amine. In a glove box, a solution of phenyl
isopropyl ketene (42.0 mg, 0.263 mmol) in toluene (3.0 mL) and hexanes (1.5 mL) was
prepared in a flask. The flask was capped with a septum, removed from the glove box,
and cooled to -90 OC. In the air, catalyst (+)-1.5 (8.5 mg, 0.026 mmol, 10 mol%) was
weighed into a vial, which was then sealed with a cap equipped with a Teflon septum and
purged with argon. Toluene (1.0 mL) was added to the catalyst, and the resulting
solution was added via syringe to the -90 'C solution of the ketene, resulting in a purple
solution. In a glove box, HN3 (1.1 M in CH2C12; 262 pL, 0.288 mmol, 1.1 equiv) was
diluted with toluene (1.0 mL), transferred to a 3-mL syringe, and removed from the glove
box. This solution of HN3 was added by syringe pump over 2 h to the -90 OC solution of
catalyst and ketene. After the addition was complete, the reaction mixture was stirred for
an additional 4 h at -90 °C. Then, the reaction vessel was removed from the cooling bath
and allowed to warm to room temperature over -30 min. Benzene (3 mL) was added,
and the resulting mixture was heated to reflux for I h. The solvent was then removed, a
solution of HCI (8 M; 20 mL) was added, and the reaction mixture was heated to reflux
for 13 h. The mixture was neutralized with a 10% aqueous solution of NaOH and
extracted with Et20. The organics layers were combined, washed with brine, dried
(Na2SO 4), filtered, and concentrated to dryness. The product was isolated by flash
chromatography (MeOH/CH 2CI2 = 99/1 to 95/5) on silica gel, which afforded the desired
primary amine as a pale-yellow oil: 28.0 mg (72% yield).
The 'H NMR spectrum matched the previously reported data.20
'H NMR (500 MHz, CDCl3): 8 7.33-7.23 (m, 5H), 3.60 (d, J= 7.0 Hz, 1H), 1.86 (q,
J= 7.0 Hz, 1H), 1.60 (br s, 2H), 0.98 (d, J= 7.0 Hz, 3H), 0.77 (d, J= 7.0 Hz, 3H).
[a]D 23 = -9.1 (c = 0.60, CHCl3). [lit.2 [a]D23 = -11.5 (c = 0.93, CHC13)]
(S)-2,2-Dimethyl-1-phenylpropan-1-amine. In a glove box, a solution of phenyl
t-butyl ketene (47.0 mg, 0.270 mmol) in toluene (3.0 mnL) and hexanes (1.5 mL) was
prepared in a flask. The flask was capped with a septtum, removed from the glove box,
and cooled to -90 °C. In the air, catalyst (+)-1.5 (8.7 mg, 0.027 mmol, 10 mol%) was
weighed into a vial, which was then sealed with a cap equipped with a Teflon septum and
purged with argon. Toluene (1.0 mL) was added to the catalyst, and the resulting
solution was added via syringe to the -90 *C solution of the ketene, resulting in a purple
solution. In a glove box, HN3 (1.1 M in CH2C12; 270 IgL, 0.300 mmol, 1.1 equiv) was
diluted with toluene (1.0 mL), transferred to a 3-mL syringe, and removed from the glove
box. This solution of HN3 was added by syringe pump over 2 h to the -90 °C solution of
catalyst and ketene. After the addition was complete, the reaction mixture was stirred for
an additional 4 h at -90 OC. Then, the reaction vessel was removed from the cooling bath
and allowed to warm to room temperature over -30 min. Benzene (3 mL) was added,
and the resulting mixture was heated to reflux for 1 h. The solvent was then removed, a
solution of HCI (8 M; 20 mL) was added, and the reaction mixture was heated to reflux
for 13 h. The mixture was neutralized with a 10% aqueous solution of NaOH and
extracted with Et20. The organics layers were combined, washed with brine, dried
(Na2SO4), filtered, and concentrated to dryness. The product was isolated by flash
chromatography (MeOH/CH 2Cl2 = 99/1 to 95/5) on silica gel, which afforded the desired
primary amine as a pale-yellow oil: 43.0 mg (98% yield).
The 'H NMR spectrum matched the previously reported data.20
'H NMR (300 MHz, CDCl3): 8 7.30-7.26 (m, 5H), 3.71 (s, 1H), 1.49 (br s, 2H),
0.90 (s, 9H).
[a]D 23 = -2.9 (c = 1.1, CHCI3). [lit.20 [a]D 23 = -5.5 (c = 1.0, CHC13)]
1.4.7 Equilibrium Determination for the HN3 and 1.5 mixture.
In a glove box, a solution of 1.5 (3.0 mg, 0.0093 mmol,) in toluene-d8 (0.75 mL)
was made in a NMR tube. It was sealed with a cap equipped with a Teflon septum and
taken outside of the glove box. The solution was cooled to -78 OC and a solution of HN3
(0.70 M in CH2C12; 13 ýtL, 0.0093 ninol, 1 equiv) was added. The NMR tube was
inverted once to allow sufficient mixing and quickly lowered into the chilled probe at -78
oC.
'H NMR (400 MHz, Toluene-ds): 8 7.85 (br s, 1H), 5.91 (br s, 1H), 4.70 (br s, 1 H).
3.83 (br s, 1H), 3.50 (br s, 1H), 1.79 (s, 3H), 1.43 (s, 15H).
[1.5 at -78 *C: 'H NMR (400 MHz, Toluene-ds): 8 8.56 (br s, 1H), 6.15 (br s, 1H),
4.83 (br s, 1H), 3.94 (br s, 1H), 3.57 (br s, 1H), 1.92 (s, 3H), 1.52 (s, 15H).]
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Chapter 2
Development of a Tertiary Amine Catalyst for Enantioselective Additions of HN3
to Unhindered Ketenes
2.1 Challenge for Additions of HN3 to Unhindered Ketenes
In Chapter 1, planar-chiral catalyst 1.5 was demonstrated to be an effective
catalyst for additions of HN3 to hindered ketenes.' HoWever, 1.5 gives poor
enantioselectivity in the transformation for unhindered ketenes (Table 2.1, entries 1-4).
Table 2.1. Use of 1.5 with unhindered ketenes.
1) 1.5 (10%),
toluene/hexane,
-90 OC
2) benzene, A
HN3  R '0  3) methanol, A
(1.1 equiv) R'
entry R
1 Ph
2 mn-tol
3 p-(M
4 Ph
Me
Me Fe Me
Me Me
Me
1.5
eO)Ph
R'
Et
Et
Et
i-Bu
yi
9C
92
93
9C
H
R N OMe
R' H 0
eld (%) ee
5
30
55
26
One possible explanation for the poor enantioselectivity observed for these
unhindered ketenes is the rate of the background reaction. To examine this, the
uncatalyzed additions of HN3 to phenyl isopropyl ketene and phenyl ethyl ketene were
monitored at -780 C using 'H NMR spectroscopy (Chart 1). It was found that the
uncatalyzed addition of HN3 to phenyl isopropyl ketene did not occur even after 2 h
(Chart 1, solid circle). In contrast, addition of HN3 to ulhindered phenyl ethyl ketene
I
(%)c
occurred rapidly, under the reaction conditions in toluene. (Chart 1, diamond). A slower
rate of the background reaction in dichloromethane (DCM) compared to toluene was
observed (Chart 1, square), but reactions in DCM gave lower ee values than those in
toluene. Therefore, there are other reasons for the poor enantioselectivity in the reaction
of phenyl ethyl ketene. Another possible reason for the poor enantioselectivity is simply
inherently poor facial selectivity for unhindered ketenes with catalyst 1.5.
Chart 1. Uncatalyzed addition of HN3 to phenyl ethyl ketene and phenyl isopropyl
ketene at -78 'C.
Ph C-
R
. PhN3-H P Nd-tol or d-DCM R
-78 oC
- -V V
N.E·
. . 0 0
E n
R = i-Pr in d-tol
R = El in d-DCM
R= Et ind-tol
+~***
0 30 60 90 120
Time (min.)
100
90
an
70
60
50
4u
30
20
2.1.1 Development of Catalysts for the Addition of HN3 to Unhindered Ketenes
For the reasons discussed above, enantioselective additions of HN3 to unhindered
ketenes still remain an unsolved problem. In order to address this problem, a number of
commercially available phosphines and tertiary amines were tested in the addition of HN 3
to phenyl ethyl ketene.2 Most phosphines gave poor yield and enantioselectivity (Table
2.2, entries 1-11). An exception was the addition catalyzed by 2.1a, which also contains
tertiary amino groups (Table 2.2, entry 1).
Promising enantioselectivity was observed for some commercially available
tertiary amines (Table 2.3 entries 1-3). From the perspective of catalyst handling, air-
stable tertiary amines looked more attractive than relatively air-sensitive phosphines. (S)-
Nicotine was selected for further structure optimization due to its ease of derivatization as
compared with amines such as 2.2b and 2.2c.
Table 2.2 Evaluation of commercially available phosphines in addition of HN3 to phenyl
ethyl ketene.
HN3  Ph C
(1.1 equiv) EtEt
1) catalyst* (10%),
toluene/hexane,
-78 0 C
2) benzene/methanol,
A HPh N OMe
H Et 0
entry catalyst* yield (%) ee (%) entry catalyst* yield (%) ee (%)
1 2.la 53 42 7 2.1g 62 9
2 2.1b 8 20 8 2.1h 43 5
3 2.1c 33 17 9 2.1i 45 5
4 2.1d 52 13 10 2,1j 58 3
5 2.1e 60 11 11 2.1k 35 3
6 2.1f 82 9
Et
Me2N H
Ph
Fe P(c-hex) 2Ph
H P(Me)(c-hex) 2N(Me) 2
2.1 a
Pt-Bu2
_I "'CH3H
Fe P(c-hex) 2
2.1e
(t-Bu)-P
(t-B u),. P )
(t-Bu)-P H
.1H(t-Bu)In.. /
-
PPh2
Bn-N ,,. PPh2
2.1b 2.1 c
2.1 f 2.1 g
PPh 2 PPh2:'s
2.1j
Et
E
PI4
2.1 d
'P(p-tolyl)2
'P(p-tolyl) 2
2.1 h
~ts/
I
C=n
t
2.1i1 2.1 k
Table 2.3 Evaluation of commercially available tertiary amines in additions of HN3 to
phenyl ethyl ketene.
1) catalyst* (10%),
toluene/hexane,
-78 OC
benzene/methanol,
A
(1.1 equiv) IEt
H
Ph N OMe
H Et 0
entry catalyst* yield (%) ee (%) entry catalyst* yield (%) ee (%)
1 2.2a 50 51 7 2.2g 8 -10
2 2.2b 92 43 8 2.2h 25 9
3 2.2c 76 40 9 2.2i 25 -3
4 2.2d 39 37 10 2.2j 23 3
5 2.2e 38 33 11 2.2k 69 3
6 2.2f 22 29 12 2.21 50 0
N
2.2a 2.2b
N
moo2 0 0
N
2.2c
H
AcO
N
2.2f
H '. 0 H
NeO H M
No o.
2.2g
H NAcO
MeO
N2.2
2.22k
,• 2)HN3 Ph C
ON 2.2d
2.2d
BzO,
2.2e
0
N OMe
Bn
2.2h
r
2.21 2.2k 2.21
2.1.2 Derivatization of (S)-Nicotine (2.2a)
We initially examined the effect of substitution at the 6-position of the pyridine
ring of 2.2a (Scheme 2.1). These derivatives were specifically designed to modify the
Bronsted acidity of the conjugate acid (the pyridinium ion). Under the reaction
conditions, the pyrrolidine nitrogen atom will be protonated as well, but we speculated
that the nitrogen atom responsible for the catalysis is still the nitrogen atom on the
pyridine ring. Treating 2.2a with n-BuLi in the presence of amino alcohol followed by
C2C16 gave the desired chlorinated product (2.2m) as well as a side product (2.2n).3
Then, cyanation and methylation of 2.2m afforded 2.2o and 2.2p, respectively.4
1
2
2.2a 2.2m 89 % 2.2n 1 %
CuCN, Et4NCN, MMg N
Pd2(dba)3 , MeMgBr, NICIDPPP , Et2O
DPPF, dioxane, -30
100 OC,
Me
2.20 33% 2 .2p 20%
Scheme 2.1. Substitution of the 6-position of the pyridine ring of 2.2a.
Testing these catalysts in the addition of HN3 to phenyl ethyl ketene under
optimized conditions showed that the various substitutions on the pyridine ring did not
significantly enhance enantioselectivity (Table 2.4, entries 2-5). This was attributed to
the presence of another basic nitrogen atom in the pyrrolidine ring of the catalyst, which
could also catalyze the addition.
Table 2.4. Evaluation of derivatives of (S)-nicotine (2.2a).
1) catalyst* (10%),
toluene/hexane,
-90 OC
2) benzene, A
HN, Ph. 0C'O 3) methanol, A
(1.1 equiv) Et
H
PhX N OMe
H Et 0
entry catalyst* R yield (%) ee (%)
1 2.2a 66 58
2 2.2m C1 82 58
3 2.2n n-Bu 54 40
4 2.2o CN 53 28
5 2.2p Me 65 52
2.2a 2.2m-p
To determine which nitrogen atom is responsible for the catalysis, compounds in
which the pyridine ring in 2.2a was replaced with an aryl ring were prepared. A method
developed by Campos et al. was adapted to prepare 2-phenyl substituted catalyst 2.3a, a
C2-symmetric catalyst 2.3b, as well as 2-aryl substituted catalysts 2.3c-g
(Scheme 2.2). 5-7 The enantiopurity of these catalysts ranged from 90 to 92 % ee.
1. s-BuLi,
(-)-spartine,
-78 OC
2. ZnCI 2
3. cat. Pd(OAc)2,(t-Bu) 3P-HBF4,ArBr
1. The Boc> "Ar Deprotection
,,Ar C ,Ar
N 2. Reductive NBoc Alkylation
90-92 % ee 2.3a, 2.3c-g
29-65 % yield 19-54% yield
same steps 1-3
I: ",Ph
Boc
18%
1. TFA,, CH2CI2
2. Formic aicd, ph ' N Ph
formaldehyde,
reflux 2.3b
25%
Scheme 2.2. Asymmetric synthesis of pyrrolidine catalysts.
New catalyst 2.3a proved to be more selective than the parent 2.2a (Table 2.5,
entry 1). Other 2-aryl pyrrolidine catalysts (2.3c-g), as well as the C2-symmetric 2,5-
diphenylpyrrolidine catalyst (2.3b), were also found to be more enantioselective than
2.2a (Table 2.4, entries 1-2, 4-6). Derivatives of (S)-proline were explored to examine
other substituents at the 2-position of the pyrrolidine ring.' 9 However, these catalysts
gave worse enantioselectivity compared to 2-aryl substituted catalysts (Table 2.5, entries
8-10). Erosion in enantioselectivity was also observed when the methyl group on the
nitrogen atom in 2.3a was replaced with the ethyl group in 2.5 (Table 2.5, entry 1 vs. 11).
NBoc
Table 2.5. Evaluation of pyrrolidine catalysts.
1) catalyst* (10%),
toluene/hexane,
-90 OC
2• benzene A
entry
1
2
3
4
5
6
7
8
9
10
11
NL "Ph
N
2.3a
ONI>Ph
N
Et
2.5
HN3  Ph C
(1.1 equiv) Et
catalyst*
2.3a
2.3b
2.3c
2.3d
2.3e
2.3f
2.3g
2.4a
2.4b
2.4c
2.5
P h' N 
,P h
2.3b 2.3
09 H3) methanol, A Ph N OMe
Et H 0
R yield (%)
82
73
p-(CN)Ph 50
p-(F)Ph 46
p-(MeO)Ph 78
o-tol 56
o-(MeO)Ph 52
73
28
87
9
Ph Ph
N. OMe N OH N
c-g 2.4a 2.4b 2.4c
To examine the generality of 2.3a, substrates that gave poor enantioselectivity
with catalyst 1.5 were tested. For all substrates tested, 2.3a proved to be i more selective
catalyst than 1.5 for the addition of HN3 (Table 2.6, entries 1-4). The least hindered
substrate of the series, phenyl methyl ketene, was tested using catalyst 2.3a, and a
promising result was obtained (Table 2.6, entry 5). Examination of phenyl isopropyl
ketene with catalyst 2.3a provided enantioselectivity inferior to what was observed with
ee (%)
72
74
30
72
69
65
52
0
-4
20
17
h Ph
OTMS
1.5 (Table 2.6, entry 6). Interestingly, the new catalyst 2.3a appears to be complementary
to 1.5 in terms of substrate scope.
Table 2.6. Substrate scope for catalyst 2.3a.
1) catalyst* (10%),
toluene/hexane,
-90 0C
HN3
(1.1 equiv) R OR C
benzene, A
methanol HR N OMe
R' H 0
entry R R' 2.3a 1.5
yield (%) ee (%) yield (%) ee (%)
1 Ph Et 82 72 90 5
2 m-tol Et 74 74 90 30
3 p-(MeO)Ph Et 87 65 93 55
4 Ph i-Bu 61 80 90 26
5 Ph Me 63 62
6 Ph i-Pr 63 22 93 96
N "PhN
2.3a
Me
Me Fe Me
Me Me
Me
1.5
2.2 Conclusion
By testing commercially available tertiary amines for the addition of HN3 to
unhindered ketenes, (S)-nicotine (2.2a) emerged as a promising lead. Structural
modifications of 2.2a to 2.3a resulted in an improvement in enantioselectivity.
Preliminary results indicate that catalyst 2.3a exhibits promising enantioselectivity for the
addition of HN3 to unhindered ketenes and appears to bd complementary to planar-chiral
catalyst 1.5 in terms of substrate scope. Further derivatization and substitution of the
pyrrolidine structure is currently being investigated.
1) 2.3a (10%),
toluene/hexane,
-90 OC
2) benzene, A
HN3  R 3) methanol, A R N OMe
(1.1 equiv) R' R' HR' B' HO
C> IPh
2.3a
2.3 Experimental
2.3 1 General
All reactions were carried out under an atmosphere of argon in oven-dried
glassware with magnetic stirring.
Hexanes, THF, toluene, dichloromethane, and diethyl ether were purified by
passage through activated alumina. Deuterated solvents and Et3N (97%, Aldrich) were
dried over CaH2 (95%, Strem), distilled under Ar before the use, and store under Ar.
Chiral phosphines 2.1a-k were all purchased from Strem Chemicals and used without
further purification. Cinchonidine (96%, Aldrich), quinine (90%, Aldrich), 2.2a (93%,
Avocado), 2.2b (97%, Aldrich), 2.2c (95%, Aldrich), 2.2d (97%, Aldrich), 2.2g (95%,
Aldrich), 2.2h (97%, Aldrich), 2.2i (97%, Aldrich), 2.21 (99%, Aldrich), Pd 2(dba) 3
(Strem), DPPF (99%, Strem), NiCI2LPPh 2(CH2) 3PPh2]Cl 2 (99%, Strem), N-boc-pyrrolidine
(98%, Alfa Aesar), sec-BuLi (1.4 M in cyclohexane, Aldrich), ZnCl2 (1.0 M in Et20O), (t-
Bu)3P-HBF4 (99%, Strem), Pd(OAc) 2 (98%, Strem), bromobenzene (99%, Aldrich),
formaldehyde (37 wt% in water, EMD), formic acid (98%, EMD), TMSC1 (97%, Alfa
Aesar), phenyl magnesium bromide (3.0 M in Et2O, Aldrich), LiAIH4 (95%, Strem), were
used without further purification. Ketenes and a solution of HN 3 in CH2Cl2 were
synthesized as discussed in Chapter 1. All other chemicals were purchased from
commercial suppliers and used as received, unless otherwise noted.
2.3.2 Monitoring Uncatalyzed Addition ofHN3 to Ketenes.
Chart 1, General Procedure. In a glove box, a solution of a ketene in deuterated
solvent (0.70 mL) was prepared in a NMR tube. Then, it was sealed with a cap equipped
with a Teflon septum, sealed with electrical tape, and removed firom the glove box. It was
cooled to -78 'C in a dry ice-acetone bath. A solution of HN 3 (1 equiv) was added and
the tube was inverted once to allow sufficient mixing. The NMR tube was lowered into a
chilled probe at -78 oC and the progress of the addition of HN 3 monitored over the
course of specified time. Time zero is defined as the moment a solution of HN3 is added.
Chart 1, Solid Circle. General Procedure was followed: phenyl isopropyl ketene
(11.8 mg, 0.0737 mmol) in deuterated toluene, and HN3 (2.0 M in CH2Cl2; 37 pJL, 0.074
mmol, 1.0 equiv).
time (min) 6 28 40 52 75 91 110 122 133 149
unreacted ketene (%) 48 41 38 36 32 29 27 24 23 20
Chart 1, Diamond. General Procedure was followed: phenyl ethyl ketene (6.6
mg, 0.045 mmol) in deuterated DCM, and HN3 (1.4 M in CH2C12; 32 pL, 0.045 mmol,
1.0 equiv).
time (min) 14 22 37 49 60 72 88
unreacted ketene (%) 67 65 62 59 56 56 53
Chart 1, Square. General Procedure was followed: phenyl isopropyl ketene (7.6
mg, 0.052 mmol) in deuterated toluene, and HN3 (1.4 M in CH 2C12; 32 tLL, 0.045 mmol,
1.0 equiv).
time (min) 4 21 37 57 70 87 _104 125 1159
unreacted ketene (%) 100 100 100 100 100 100 100 100 100
2.3.3 Tertiary Amine Catalysts Preparation
Preparation Esters 2.2e, 2.2f, 2.2i, and 2.2j, General Procedure: To a mixture
of an alcohol (1.7 mmol), DMAP (10 mol%), and Et3N (0.47 mL, 3.4 mmol, 2 equiv) in
CH2C12 (8.5 mL), was added an acid chloride (1.5 equiv). The mixture was stirred at
room temperature for 18 h. It was diluted in EtOAc (100 mL) and washed with brine (50
mL x 3). The organic layer was dried in Mg2SO4, filtered, and concentrated. The residue
was purified by flash chromatography (EtOAc/MeOH = 5/1) on silica gel, which afforded
the desired ester.
Preparation of 2.2e [14075-54-8]: General Procedure was followed:
Cinchonidine (500 mg, 1.7 mmol) and acyl chloride (0.20 mL, 2.6 rrmnol, 1.5 equiv): 340
mg (70% yield)
Preparation of 2.2f [14402-56-3]: General Procedure was followed:
Cinchonidine (500 mg, 1.7 mmol) and benzoyl chloride (0.31 mL, 2.6 mmol, 1.5 equiv).
440 mg (65% yield).
Preparation of 2.2i [375346-90-0]: General Procedure was followed: Quinine
(550 mg, 1.7 mmol) and acyl chloride (0.20 mL, 2.6 mmol, 1.5 equiv): 330 mg (53%
yield).
The 'H NMR spectrum matched the previously reported data."
Preparation of 2.2j [69758-70-9]: General Procedure was followed: Quinine
(500 mg, 1.7 mmol) and benzoyl chloride (0.31 mnL, 2.6 mmol, 1.5 equiv): 240 mg (33%
yield).
The 'H NMR spectrum matched the previously reported data."
2.3.4 Catalytic Enanlioselective Addition ofHN3 to Ketenes
Tables 2.2 and 2.3, General Procedure: In a glove box, a solution of phenyl
ethyl ketene (10.0 mg, 0.068 mmol) in a toluene (1 mL) was prepared in a 20 mL vial.
The vial was sealed with a cap equipped with a Teflon septum, removed from the glove
box, and cooled to -78 'C. In a glove box, a solution of catalyst (10 mol%) in toluene
(0.5 mL) was made in 5 mL vial, which was then sealed with a cap equipped with a
Teflon septum. The solution was removed from the glove box and added via syringe to
the -78 OC solution of the ketene. In a glove box, HN3 (1.4 M in CH2C 2;. 50 [LL, 0.063
rmnunol, 1.0 equiv) was diluted with toluene (0.5 mL). This solution of HN 3 was added to
the -78 'C solution of catalyst and ketene. The reaction mixture was stirred for 2 h at
-78 'C. Then, the dry ice-acetone bath was removed, and the reaction mixture was
allowed to warm to room temperature over ~30 min. Benzene (1.4 mL) and MeOH (0.7
mL) were added, and the reaction mixture was allowed to reflux for 12 h. The mixture
was then cooled to room temperature, and the solution was concentrated under reduced
pressure. The residue was purified by flash chromatography (hexanes/EtOAc = 4/1) on
silica gel, which afforded the desired methyl 2-methyl-l-phenylpropylcarbamate. HPLC
analysis: [Daicel CHIRALPAK IA column; solvent system: hexanes/isopropanol = 97/3;
1.0 mL/min; retention times: 11.7 min, 13.6 min].
'H NMR (400 MHz, CDCI3): 8 7.35-7.31 (m, 2H), 7.27-7.19 (m, 3H), 4.95-4.93 (m,
1H), 4.59-4.57 (m, 1H), 3.65 (s, 3H), 1.81-1.77 (m, 2H), 0.91 (dd, J = 7.4, 3.0 Hz, 3H).
Table 2.2, entry 1. General Procedure was followed: 2.1a (5.7 mg, 0.0068 mmol,
10 mol%): 6.4 mg (53% yield). HPLC analysis: 42% ee.
Table 2.2, entry 2. General Procedure was followed: 2.1b (2.4 mg, 0.0068 mnol,
10 mol%): 1.0 mg (8% yield). HPLC analysis: 20% ee.
Table 2.2, entry 3. General Procedure was followed: 2.1c (3.6 mg, 0.0068 mmol,
10 mol%): 4.5 mg (33% yield). HPLC analysis: 17% ee.
Table 2.2, entry 4. General Procedure was followed: 2.1d (3.0 mg, 0.0068 mmol,
10 mol%): 7.1 mg (52% yield). HPLC analysis: 13% ee.
Table 2.2, entry 5. General Procedure was followed: 2.1e (4.0 mg, 0.0068 mmol,
10 mol%): 8.1 mg (60% yield). HPLC analysis: 11% ee.
Table 2.2, entry 6. General Procedure was followed: 2.1f (4.7 mg, 0.0068 nmmol,
10 mol%): 10 mg (82% yield). HPLC analysis: 9% ee.
Table 2.2, entry 7. General Procedure was followed: 2.1g (8.4 mg, 0.0068 mmol,
10 mol%): 8.4 mg (62% yield). HPLC analysis: 9% ee.
Table 2.2, entry 8. General Procedure was followed: 2.1h (5.2 mg, 0.0068 mmol,
10 mol%): 5.2 mg (43% yield). HPLC analysis: 5% ee.
Table 2.2, entry 9. General Procedure was followed: 2.1i (2.0 mg, 0.0068 mmol,
10 mol%): 5.4 mg (45% yield). HPLC analysis: 5% ee.
Table 2.2, entry 10. General Procedure was followed: 2,1j (3.0 mg, 0.0068
mmol, 10 mol%): 7.8 mg (58% yield). HPLC analysis: 3% ee.
Table 2.2, entry 11. General Procedure was followed: 2.1k (4.3 mg, 0.0068
mmol, 10 mol%): 6.6 mg (35% yield). HPLC analysis: 3% ee.
Table 2.3, entry 1. General Procedure was followed: 2.2a (1.0 mg, 0.0068 mmol,
10 mol%): 6.1 mg (50% yield). HPLC analysis: 51% ee.
Table 2.3, entry 2. General Procedure was followed:
10 mol%): 11.1 mg (92% yield). HPLC analysis: 43% ee.
2.2b (6.0 rng, 0.0068 mmol,
Table 2.3, entry
10 mol%): 9.2 mg (76%
Table 2.3, entry
10 mol%): 6.1 mg (39%
Table 2.3, entry
10 mol%): 4.6 mg (38%
3. General Procedure was followed:
yield). HPLC analysis: 40% ee.
4. General Procedure was followed:
yield). HPLC analysis: 37% ee.
5. General Procedure was followed:
yield). HPLC analysis: 33% ee.
2.2c (5.8 mg, 0.0068 mmol,
2.2d (1.0 mg, 0.0068 mmol,
2.2e (2.7 mg, 0.0068 mmiol,
Table 2.3, entry 6. General Procedure was followed: 2.2f (2.3 mg, 0.0068 mmol,
10 mol%): 2.7 mg (22% yield). HPLC analysis: 29% ee.
Table 2.3, entry 7. General Procedure was followed: 2.2g (5.8 mg, 0.0068 mmol,
10 mol%): 0.6 mg (8% yield). HPLC analysis: 10% ee.
Table 2.3, entry 8. General Procedure was followed: 2.2h (1.5 mg, 0.0068 nmmol,
10 mol%): 3.0 mg (25% yield). HPLC analysis: 9% ee.
Table 2.3, entry 9. General Procedure was followed: 2.2i (3.4 mg, 0.0068 mmol,
10 mol%): 3.0 mg (25% yield). HPLC analysis: 3% ee.
Table 2.3, entry 10. General Procedure was followed: 2.2j (2.5 mg, 0.0068
mmol, 10 nmol%): 2.8 mg (23% yield). HPLC analysis: 3% ee.
Table 2.3, entry 11. General Procedure was followed: 2.2k (2.9 mg, 0.0068
mmol, 10 mol%): 8.3 mg (69% yield). HPLC analysis: 3% ee.
Table 2.3, entry 12. General Procedure was followed: 2.2a (1.6 mg, 0.0068
mmol, 10 mol%): 6.1 mg (50% yield). HPLC analysis: 0% ee.
2.3 5 Derivatization of (S)-Nicoline (2.2a)
(S)-2-chloro-5-(1.methylpyrrolidin-2-yl)pyridine (2.2m) and (S)-2-n-butyl-5-
(1-methylpyrrolidin-2-yl)pyridine (2.2n).' A solution of 2-(dimethylamino)ethanol
(0.60 mL, 6.0 mmol, 3.0 equiv) in hexanes (4 mL) was cooled to 0 oC and treated
dropwise with n-BuLi (1.6 M in hexanes; 6.75 mL, 10.8 mmol, 5.4 equiv) under an Ar
atmosphere. After 30 min at 0 oC, the mixture was cooled to -20 "C and (S)-nicotine
(2.2a) (0.32 pJL, 2.0 mmol, 1.0 equiv) was added dropwise. After lh, the mixture was
cooled to -78 OC and treated dropwise with a solution of C2C16 (1.80 g, 7.26 rmnol, 1.3
equiv) in toluene (3 mL). After 1 h at -78 oC, the cold mixture was quenched with a
saturated solution of NaHCO3 (2 mL) and extracted with CH2CI2. The combined organic
layers were dried over K2CO3, filtered, and concentrated. The residue was purified by
column chromatography (CH 2C12/MeOH = 100/5) to give the chlorinated product: 0.35 g
(89% yield).
'H NMR (400 MHz, CDC13): 8 8.32 (br d, J= 2.4, Hz, 1H), 7.70 (dd, J= 8.0, 2.4,
Hz 1H), 7.31 (d, J= 8.0, Hz, 1H), 3.29-3.22 (m, 1H), 3.11 (br t, J= 8.8 Hz, 1H), 2.29-
2.19 (m, 2H), 2.18 (s, 3H), 2.04-1.91 (s, 1H), 1.90-1.79 (m, 1H), 1.75-1.63 (m, 1H)
By product, (S)-2-n-butyl-5-(1-methylpyrrolidin-2-yl)pyridine (2.2n) was also
isolated: 3.6 mg (1 % yield).
'H NMR (400 MHz, CDCI3): 8 8.35 (br d, J= 2.0, Hz, 1H), 7.56 (dd, J= 8.0, 2.4,
Hz 1H), 7.31 (d, J= 8.0, Hz, 1H), 3.22-3.16 (m, 1H), 3.00 (br t, J= 8.4 Hz, 1H), 2.71 (t,
J= 8.4 Hz, 2H), 2.28-2.20 (m, 1H), 2.18-2.07 (m, 1H), 2.11 (s, 3H), 1.97-1.84 (m, 1H),
1.83-1.59 (m, 4H), 1.38-1.28 (m, 2H), 0.88 (t, J= 7.2 Hz, 3H).
(S)-5-(1-methylpyrrolidin-2-yl)pyridine-2-carbonitrile (2.2o)." In a glove box,
Pd2(dba)3 (18 mg, 0.020 mmol, 0.04 equiv) and DPPF (43 mg, 0.077 mmnol, 0.15 equiv)
were dissolved in 1,4-dioxane (1.5 mL) and stirred in a 20 mL vial for 30 min.
Subsequently, 2.2m (0.10 mg, 0.51 mmol), CuCN (0.18 g, 2.0 mmol, 4.0 equiv), Et4NCN
(0.14 g, 0.92 mmol, 1.8 equiv), and 1,4-dioxane (2.6 mL) were added to the vial. It was
sealed with electrical tape and taken out of the glove box and heated at 100 OC for 12h.
The mixture was cooled and filtered through a plug of Celite. The filtrate was diluted in
EtOAc (50 mL) and washed with saturated solution of NaHCO3 (50 mL). The organic
layer was dried over MgSO 4, filtered, and concentrated and the resulting residue was
purified by column chromatography (DCM/MeOH = 10/1) to give the desired product:
31 mg (33% yield).
'H NMR (400 MHz, CDC13): 8 8.65 (br d, J= 2.0, 1H), 7.85 (dd, J= 8.0, 2.0 Hz,
11), 7.67 (d, J = 8.0 Hz, 1H), 3.30-3.19 (m, 2H), 2.48-2.33 (m, 1H), 2.31-2.21 (m, 1H),
2.19 (s, 3H), 2.05-1.80 (m, 2H), 1.74-1.58 (m, 1H).
(S)-2-methyl-5-(1-methylpyrrolidin-2-yl)pyridine (2.2p).4 In a glove box, 2.2m
(80 mg, 0.40 mmol) and NiCI2[PPh2(CH2)3PPh2]C12 (31 mg, 0.045 mmol, 0.1 equiv) were
weighed in a 20 mL vial and dissolved in Et2O (8.0 mL). It was sealed with electrical
tape, taken out side of the glove box, and cooled to -30 OC. Then, a solution of MeMgBr
(3.0 M in Et20; 0.17 mL, 0.52 mmol, 1.3 equiv) was added dropwise. The mixture was
allowed to warm to room temperature and stirred under an Ar atmosphere for 20 h. The
mixture was quenched with Et3N (1 mL), poured over a plug of silica gel, eluted with
DCM/MeOH/Et3N (10/1/0.1). The filtrate was diluted in CH2Cl2 (50 mL) and washed
with brine (10 mL). The organic layer was dried over MgSO4, filtered, and concentrated
and the resulting residue was purified by column chromatography (DCM/MeOH = 10/1)
to give the desired product: 14 mg (20 % yield).
'H NMR (400 MHz, CDCl3): 8 8.39 (br d, J= 2.0, 1H), 7.60 (dd, J= 8.0, 2.0 Hz,
1H), 7.14 (d, J= 8.0 Hz, 1H), 3.27-3.20 (m, 1H), 3.06 (br t, J=7.6, IH), 2.52 (s, 31H),
2.39-2.27 (m, 1H), 2.24-2.17 (m, 1H), 2.15 (s, 3H), 2.01-1.90 (m, 1H), 1.87-1.76 (im,
1H), 1.75-1.65 (m, 1H).
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2.3.6 Synthesis of Pyrrolidine Catalysts
Preparation of N-Boc-2-aryl-pyrrolidines and N-boc-(2R, 5R)-
diphenylpyrrolidine, General Procedure:5 A solution of N-Boc-pyrrolidine and (-)-
sparteine (1.0 equiv) in MTBE was prepared in a 50 mL 2-necked flask eCluipped with an
internal thermometer. The flask was sealed with a septa, purged with Ar, and the mixture
was cooled to -78 OC. Using a syringe pump, a solution of sec-BuLi (1.4 M in
cyclohexane; 1.0 equiv) was added to the mixture over the course of 15 min while
maintaining the internal temperature below -68 °C. The resulting solution was stirred at
-78 OC for 3 h. Then, using a syringe pump, a solution of ZnCl2 (IM in Et20O; 1.0 equiv)
was added to the reaction mixture over the course of 15 min while maintaining the
internal temperature below -68 OC. The resulting suspension was stirred at -78 oC for 30
min and then warmed to room temperature. Then it was charged with aryl bromide,
followed by Pd(OAc) 2 and t-Bu3P-HBF4 in one portion. The mixture was stirred at room
temperature for 18 h. Then, it was quenched with NH40H (350 IpL) and stirred for an
additional 1 h. The resulting green slurry was filtered over Celite and washed with 60
mL of MTBE. The filtrate was washed with 1 M HCI (50 mL) and then deionized water
(50 mL x 2). The organic layer was dried over Na2SO 4, filtered, and concentrated. The
resulting residue was purified by column chromatography.
N-Boc-(R)-2-phenylpyrrolidine. General Procedure was followed: N-Boc-
pyrrolidine (1.0 mL, 5.7 runol) and (-)-sparteine (1.3 mL, 5.7 mmol, 1.0 equiv) in
MTBE (12 mL), sec-BuLi (1.4 M in cyclohexane; 4.8 mL, 5.7 mmol, 1.0 equiv), ZnC12
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(IM in Et20; 3.4 mL, 3.4 mmol, 1 equiv), bromobenzene (0.50 mL, 4.6 rnuol, 0.8 equiv),
Pd(OAc) 2 (51 mg, 0.23 mmol, 0.04 equiv) and t-Bu3P-HBF 4 (83 mg, 0.29 mmol, 0.05
equiv). Purification by flash chromatography (CH 2C12) gave the desired pyrrolidine: 924
mg (65% yield).
[a] 23D = 100.7 (c = 0.019, acetone). HPLC analysis: 96% ee [Daicel
CHIRALPAK AD-H column; solvent system: hexanes/isopropanol = 99/1; 0.5 mL/min;
retention times: 18.6 min (minor), 19.8 min (major)].
The 'H NMR spectrum matched the previously reported data.5
'H NMR (400 MHz, CDCl3) 1:2.4 ratio of amide bond rotamers: 6 7.34-7.29 (m,
2H), 7.26-7.16 (m, 3H), 4.99 (br s, 0.28H), 4.79 (br s, 0.66), 3.64-3.54 (br s, 2H), 2.35 (br
s, 1H), 2.00-1.81 (br m, 3H), 1.49 (s, 2.9H), 1.20 (s, 6.3H).
N-Boc-(2R, 5R)-diphenylpyrrolidine. General Procedure was followed: N-Boc-
(R)-2-phenylpyrrolidine (0.65 mg, 2.6 mmol) and (-)-sparteine (0.38 mL, 2.6 mmol, 1.0
equiv) in MTBE (6 mL), sec-BuLi (1.4 M in cyclohexane; 1.9 mL, 2.6 mmol, 1.0 equiv),
ZnCl2 (IM in Et20; 1.6 mL, 1.6 mmol, 0.6 equiv), bromobenzene (0.22 mL, 2.1 mmolr,
0.8 equiv), Pd(OAc) 2 (24 mg, 0.11 mmol, 0.04 equiv) and t-Bu 3P-HBF 4 (38 mg, 0.13
mmol, 0.05 equiv). Purification by flash chromatography, (CH 2C12) gave the desired
pyrrolidine: 108 mg (13% yield).
[a]23D = 120.0 (c = 0.010, acetone).
The 'H NMR spectrum matched the previously reported data.'
'H NMR (400 MHz, CDCI3): 8 7.38-7.32 (m, 4H), 7.28-7.21 (m, 6H), 5.33 (br d,
J= 8.0 Hz, 1H), 5.14 (br d, J= 8.0 Hz, 1H), 2.55-2.40 (br m, 2H), 1.78-1.72 (br m, 2H),
102
1.47 (s, 10H).
N-Boc-(R)-2-(4-cyanophenyl)pyrrolidine. General Procedure was followed: N-
Boc-pyrrolidine (1.0 mL, 5.7 mmol) and (-)-sparteine (1.3 mL, 5.7 rnunol, 1.0 equiv) in
MTBE (12 mL), sec-BuLi (1.4 M in cyclohexane; 4.8 mL, 5.7 mmol, 1.0 equiv), ZnCI2
(1M in Et2O; 3.4 mL, 3.4 mmol, 1 equiv), 4-bromobenzonitrile (853 mg, 4.56 mmol, 0.8
equiv), Pd(OAc) 2 (51 mg, 0.23 mmol, 0.04 equiv) and t-Bu3P-HBF 4 (83 mg, 0.29 mmol,
0.05 equiv). Purification by flash chromatography (CH 2Cl2) gave the desired pyTrrolidine:
449 mg (30% yield).
[a]23 D= 135.9 (c = 0.016, acetone). HPLC analysis: >99% ee [Daicel
CHIRALPAK AD-H column; solvent system: hexanes/isopropanol = 95/5; 1.0 mL/min;
retention times: 9.4 min (minor), 13.0 min (major)].
The 'H NMR spectrum matched the previously reported data.5
'H NMR (400 MHz, CDC13) 1:1.7 ratio of amide bond rotamers: 8 7.62 (d, J = 8.0
H-z, 2H), 7.30 (d, J= 8.0 Hz, 2H), 4.97 (br s, 0.34H), 4.82 (br s, 0.58), 3.72-3.50 (br m,
2H), 2.45-2.31 (br m, 1H), 1.97-1.89 (br m, 2H), 1.86-1.74 (br m, 1H), 1.48 (s, 3.4H),
1.20 (s, 5.6H).
N-Boc-(R)-2-(4-fluorophenyl)pyrrolidine. General Procedure was followed: N-
Boc-pyrrolidine (1.0 mL, 5.7 mmol) and (-)-sparteine (1.3 mL, 5.7 mmol, 1 0 equiv) in
MTBE (12 mL), sec-BuLi (1.4 M in cyclohexane; 4.8 mL, 5.7 mmol, 1 equiv), ZnCl2
(1M in Et2O; 3.4 mL, 3.4 mmol, 1 equiv), 1-bomo-4-fluorobenzene (0.50 mL, 4.6 mmol,
0.8 equiv), Pd(OAc) 2 (65 mg, 0.29 mmol, 0.05 equiv) and t-Bu3P-HBF4 (83 mg, 0.29
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mmol, 0.05 equiv). Purification by flash chromatography (CH 2CI2) gave the desired
pyrrolidine: 449 mg (30% yield).
[a]23D = 37.2 (c = 0.011, in acetone). HPLC analysis: 93% ee [Daicel
CHIRALPAK AD-H column; solvent system: hexanes/isopropanol = 95/5; 1.0 mL/min;
retention times: 6.8 min (minor), 7.8 min (major)].
The 'H NMR spectrum matched the previously reported data.
IH NMR (400 MHz, CDCl3) 1:2 ratio of amide bond rotamers: 8 7.19-7.11 (br m,
2H), 7.04-6.96 (br m, 2H), 4.94 (br s, 0.31H), 4.76 (br s, 0.62), 3.70-3.47 (br m, 2H), 2.32
(br s, 1H), 2.00-1.74 (br m, 2H), 1.46 (s, 3.7H), 1.21 (s, 6.1H).
N-Boc-(R)-2-(4-methoxyphenyl)pyrrolidine. General Procedure was followed:
N-Boc-pyrrolidine (1.0 mL, 5.7 mmol) and (-)-sparteine (1.3 mL, 5.7 mmol, 1.0 equiv) in
MTBE (12 mL), sec-BuLi (1.4 M in cyclohexane; 4.8 mL, 5.7 mmol, 1.0 equiv), ZnCl2
(IM in Et2O; 3.4 mL, 3.4 mmol, 1 equiv), 1-bomo-4-methoxybenzene (0.57 mL, 4.6
mmol, 0.8 equiv), Pd(OAc) 2 (51 mg, 0.23 mmol, 0.04 eluiv) and t-Bu 3P-HBFI (83 nag.
0.29 mmol, 0.05 equiv). Purification by flash chromatography (CH 2Cl 2) gave the desired
pyrrolidine: 500 mg (32% yield).
HPLC analysis: 90% ee [Daicel CHIRALPAK AD-H column; solvent system:
hexanes/isopropanol = 99/1; 1.0 mL/min; retention times: 11.2 min (minor), 12.8 min
(major)].
The 'H NMR spectrum matched the previously reported data.
N-Boc-(R)-2-(2-methylphenyl)pyrrolidine. General Procedure was followed:
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N-Boc-pyrrolidine (1.0 mL, 5.7 rmmol) and (-)-sparteine (1.3 mL, 5.7 mmol, 1.0 equiv) in
MTBE (12 mL), sec-BuLi (1.4 M in cyclohexane; 4.8 mL, 5.7 mmol, 1.0 equiv), ZnCI2
(IM in Et20; 3.4 mL, 3.4 mmol, 1.0 equiv), 1-bomo-2-methylbenzene (0.55 mL, 4.6
mmol, 0.8 equiv), Pd(OAc) 2 (51 mg, 0.23 mmol, 0.04 equiv) and t-Bu 3P-HBF4 (83 mg,
0.29 mmol, 0.05 equiv). Purification by flash chromatography (CH 2Cl2) gave the desired
pyrrolidine: 508 mg (34% yield).
[a]23D = -25.8 (c = 0.017, in acetone). HPLC analysis: >99% ee [Daicel
CHIRALPAK AD-H column; solvent system: hexanes/isopropanol = 99/1; 1.0 mL/min;
retention times: 6.3 min (minor), 7.5 min (major)].
The 'H NMR spectrum matched the previously reported data.5
N-Boc-(R)-2-(2-methoxylphenyl)pyrrolidine. General Procedure was followed:
N-Boc-pyrrolidine (1.0 mL, 5.7 nurnol) and (-)-sparteine (1.3 imL, 5.7 mmol, 1.0 equiv) in
MTBE (12 mL), sec-BuLi (1.4 M in cyclohexane; 4.8 mL, 5.7 mmol, 1 equiv), ZnCI2
(1M in Et20; 3.4 mL, 3.4 mmol, 1.0 equiv), 1-bomo-2-methoxylbenzene (0.57 mL, 4.6
nmnol, 0.8 equiv), Pd(OAc) 2 (51 mg, 0.23 mmol, 0.04 equiv) and I-Bu 3P-HBF4 (83 mg,
0.29 mmol, 0.05 equiv). Purification by flash chromatography (CH 2C12) gave the desired
pyrrolidine: 395 mg (27% yield).
HPLC analysis: 92% ee [Daicel CHIRALPAK AD-H column; solvent system:
hexanes/isopropanol = 99/1; 1.0 mL/min; retention times: 8.2 min (minor), 9.8 min
(major)].
The 'H NMR spectrum matched the previously reported data.5
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'H NMR (400 MHz, CDCl3) 1:1.9 ratio of amide bond rotamers: 5 7.25-7.16 (br
m, 1H), 7.10-7.00 (br m, 1H), 6.95-6.83 (m, 2H), 5.28-5,.25 (br d, J= 9.7 Hz, 0.3H), 5.14-
5.09 (br m, 0.6H), 3.85 (br s, 3H), 3.70-3.54 (br m, 1.6H), 3.52-3.43 (br m, 0.4H), 2.35-
2.17 (br m, 1H), 1.91-1.73 (br m, 3H), 1.48 (s, 3.2H), 1.21 (s, 5.9H).
(R)-l-Methyl-2-phenylpyrrolidine (2.3a). To a solution of N-Boc-(R)-2-
phenylpyrrolidine (430 mg, 1.74 mmol) in CH2CI2 (17 mL), was added TFA (3.8 mL, 5.1
mmol, 3 0 equiv). The mixture was stirred for 30 min at room temperature and
concentrated under reduced pressure. To this oil, were added sodium acetate*3H20 (0.36
g, 2.6 mmol, 1.5 equiv), palladium on carbon (10 wt%; 50 mg, 30 mol %), formaldehyde
(37 wt% in water; 0.58 mL, 7.0 mmol, 4.0 equiv), and MeOH (7 mL). The mixture was
stirred at room temperature and under H2 (100 psi) for 18 h.' 2 The mixture was filtered
and the solvent was removed under reduced pressure. Purification by flash
chromatography (CH 2Cl2/MeOH = 100/5) gave the desired tertiary amine: 172 mg (54%
yield). [a]23D = 142.7 (c = 0.65, CHCl3).
'H NMR (400 MHz, CDCI3) 6 7.41-7.31 (m, 4H), 7.30-7.23 (m, 1H), 3.32-3.23
(m, 1H), 3.05 (br t, J= 8.4 Hz, 1H), 2.37-2.26 (m, 1H), 2.25-2.14 (m, 1H), 2.19 (s, 3H-),
2.06-1.91 (br m, 1H), 1.88-1.74 (m, 2H).
'
3C NMR (100 MHz, CDC13) 8 143.4, 128.6, 127.7, 127.3, 71.9, 57.3, 40.7, 35.3,
22.6.
IR (neat) 3026, 2968, 2777, 2361,1455, 1363, 1043, 903, 755, 700 cm t ;
EIMS (70 eV) nm/z: calcd for CIIHIsN (M+): 161, found 161.
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(2R, 5R)-1-Methyl-diphenylpyrrolidine (2.3b). To a solution of N-Boc-(2R,
5R)-diphenylpyrrolidine (108 mg, 0.33 mmol) in CH2C 2 (1.5 mL), was added TFA (0.25
mL, 3.3 mmol, 10 equiv). The mixture was stirred for 30 min at 0 OC and concentrated
under reduced pressure. To this oil, were added formic acid (1.3 mL, 0.33 mol, 100
equiv) and formaldehyde (37 wt% in water; 0.17 mL, 2.0 mmol, 6.0 equiv). The mixture
was heated to reflux for 18 h.7d Then, the mixture was poured into a cold solution of
saturated NaHCO3 and extracted with CH 2Cl 2 (100 mL x 3). The combined organic
layers were dried over MgSO 4, filtered, and concentrated under reduced pressure to give
a clear oil. Purification by flash chromatography (CH2Cl2/MeOH = 100/5) gave the
desired tertiary amine: 20 mg (25% yield).
'H NMR (400 MHz, CDCI3) 8 7.40-7.32 (m, 8H), 7.31-7.25 (m, 5H), 4.15 (m,
2H), 2.61-2.50 (m, 2H), 2.34-2.26 (m, 1H), 1.93 (s, 3H).
(R)-l-Methyl-2-(4-cyanophenyl)pyrrolidine (2.3c). To a solution of N-Boc-(R)-
2-(4-cyanophenyl)pyrrolidine (200 mg, 0.73 mmol) in CH 2C12 (3.6 mL), was added TFA
(0.56 mL, 7.3 mmol, 10 equiv). The mixture was stirred for 30 min at 0 OC and
concentrated under reduced pressure. To this oil, were added formic acid (3.4 mL, 0.73
mol, 100 equiv) and formaldehyde (37 wt% in water; 0.37 mL, 4.4 mmol, 6.0 equiv).
The mixture was heated to reflux for 18 h.7 ' Then, the mixture was poured into a cold
solution of saturated NaHCO 3 and extracted with CH 2C12 (100 mL x 3). The combined
organic layers were dried over MgSO4, filtered, and concentrated under reduced pressure
to give a clear oil. Purification by flash chromatography (CH2C12/MeOH = 100/5) gave
the desired tertiary amine: 66 mg (49% yield).
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'H NMR (400 MHz, CDCI3) 8 7.65-7.62 (br d, J= 8.8 Hz, 2H), 7.50-7.48 (br d, J
= 8.1 Hz, 2H), 3.35-3.27 (m, 1H), 3.19 (t, J = 9.4 Hz, 1H), 2.43-2.33 (m, IH), 2.29-2.18
(m, IH), 2.20 (s, 3H), 2.07-1.93 (m, 1H), 1.92-1.81 (m, 1H), 1.79-1.68 (m, 1H).
(R)-l-Methyl-2-(4-fluorophenyl)pyrrolidine (2.3d). To a solution of N-Boc-
(R)-2-(4-fluorophenyl)pyrrolidine (380 mg, 2.1 mmol) in CH2CI2 (11 mL), was added
TFA (1.5 mL, 20 mmol, 10 equiv). The mixture was stirred for 30 min at 0 'C and
concentrated under reduced pressure. To this oil, were added formic acid (7.7 mL. 0.2
mol, 100 equiv) and formaldehyde (37 wt% in water; 1.1 mL, 13 mmiol, 6.0 equiv). The
mixture was heated to reflux for 18 h.7d Then, the mixture was poured into a cold solution
of saturated NaHCO 3 and extracted with CH2C12 (100 mL x 3). The combined organic
layers were dried over MgSO 4, filtered, and concentrated under reduced pressure to give
a clear oil. Purification by flash chromatography (CH2C12/MeOH = 100/5) gave the
desired tertiary amine: 70 mg (19% yield).
'HI-I NMR (400 MHz, CDCl3) 8 7.29-7.22 (m, 2H), 7.00-7.93 (m, 21H), 3.22-3.16
(m, IH), 2.97 (t, J= 8.5 Hz, 1H), 2.27-2.19 (m, 1H), 2.19-2.06 (m, 1H), 2.12 (s, 314),
1.98-1.85 (m, 1H), 1.81-1.63 (m, 2H).
(R)-l-Methyl-2-(4-methoxyphenyl)pyrrolidine (2.3e). To a solution of N-Boc-
(R)-2-(4-methoxyphenyl)pyrrolidine (500 mg, 1.80 mmol) in MeOH (10 mL), was added
TMSCI (2.0 mL, 16 rmmol, 9.0 equiv). The mixture was stirred for 1 h at room
temperature and concentrated under reduced pressure. 6 The residue was diluted in
CH2CI2 (50 mL) and washed with saturated NaHCO3 (20 ml). The organic layer was
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dried over MgSO 4, filtered, and concentrated under reduced pressure to give the amine:
191 mg (61% yield).
To a solution of the amine (80 mg, 0.45 mmol) in acetonitrile (2.2 mL), were
added formaldehyde (37 wt% in water; 0.24 mL, 2.9 mmol, 6.5 equiv) and NaCNBH3 (62
mg, 0.99 mmol 2.2 equiv). The mixture was stirred at room temperature for 18 h.7' Then,
it was concentrated under reduced pressure, diluted with CH 2C1 2 (50 mL) and washed
with brine (10 nmL, x 2). The organic layer was dried over MgSO 4, filtered, and
concentrated under reduced pressure to give a clear oil. Purification by flash
chromatography (CH 2Cl2/MeOH = 100/5) gave the desired tertiary amine: 46 mg (53%
yield).
IH NMR (400 MHz, CDC13) 5 7.32-7.24 (m, 3H), 6.92-6.86 (m, 2H), 3.82 (s, 31-1),
3.30-3.20 (m, 1H), 2.98 (br t, J = 8.4 Hz, 1H), 2.32-2.23 (m, 1H), 2.21-2.11 (m, 1H), 2.17
(s, 3H), 2.11-2.03 (m, 1H), 1.89-1.72 (m, 2H).
(R)-l-Methyl-2-(2-methylphenyl)pyrrolidine (2.3f). To a solution of NV-Boc-
(R)-2-(2-imethylphenyl)pyrrolidine (395 mg, 1.5 lnuiol) in CH2Cl2 (7.6 mL), was added
TFA (1.2 mL, 15 mmol, 10 equiv). The mixture was stirred for 30 min at 0 oC and
concentrated under reduced pressure. To this oil, were added formic acid (5.7 mL, 0.15
mol, 100 equiv) and formaldehyde (37 wt% in water; 0.75 mL, 9.0 mmol, 6.0 equiv).
The mixture was heated to reflux for 18 h.7d Then, the mixture was poured into a cold
solution of saturated NaHCO3 and extracted with CH2CI2 (100 mL x 3). The combined
organic layers were dried over MgSO4, filtered, and concentrated under reduced pressure
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to give a clear oil. Purification by flash chromatography (CH2C12/MeOH = 100/5) gave
the desired tertiary amine: 140 mg (53% yield).
'H NMR (400 MHz, CDCl3) 8 7.58 (br d, J= 7.2 Hz, 1H), 7.29-7.25 (m, 1H),
7.20-7.16 (m, 1H), 3.39-3.28 (m, 1H), 2.39 (s, 3H), 2.37-2.27 (m, IH), 2 26 (s, 31-I), 2.05-
1.93 (m, 1H), 1.91-1.81 (m, 1H), 1.70-1.59 (m, 1H).
(R)-l-Methyl-2-(2-methoxyphenyl)pyrrolidine (2.3g). To a solution of N-Boc-
(R)-2-(2-methoxyphenyl)pyrrolidine (276 mg, 1.80 mmol) in MeOH(10 mL), was added
TMSCI (2.0 mL, 16 mmol, 9.0 equiv). The mixture was stirred for I h at room
temperature and concentrated under reduced pressure.6 The residue was diluted in CH 2C12
(50 mL) and washed with saturated NaHCO3 (20 ml). The organic layer was dried ovel
MgSO4, filtered, and concentrated under reduced pressure to give the amine: 276 mg
(74% yield).
To a solution of the amine (170 mg, 1.0 mmol) in acetonitrile (5.0 mL), were
added formaldehyde (37 wt% in water; 0.54 mL, 6.5 mmol, 6.5 equiv) and NaCNBH3 (62
mg, 2.2 nmmol 2.2 equiv). The mixture was stirred at room temperature for 18 h.7" Then,
it was concentrated under reduced pressure, diluted with CH2C12 (50 mL) and washed
with brine (10 mL x 2). The organic layer was dried over MgSO4, filtered, and
concentrated under reduced pressure to give a clear oil. Purification by flash
chromatography (Hexanes/EtOAc/Et3N = 96/4/0.01) gave the desired tertiary amine: 46
mg (28% yield).
'H NMR (400 MHz, CDCI3) 8 7.51-7.49 (m, 1H), 7.26-7.19 (m, 1H), 6.99 (br t, J
= 8.0 Hz, 1H), 6.88 (br d, J= 7.9 Hz, 1H), 3.84 (s, 3H), 3.54 (t, J = 8.8 Hz, 1H), 3.28-
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3.24 (m, 3H), 2.36-2.22 (m, 1H), 2.24 (s, 3H), 1.98-1.87 (m, 1H), 1.86-1.75 (m, 1H),
1.66-1.53 (m,, 1H).
(S)-Methyl 1-methylpyrrolidine-2-carboxylate (2.4a).5 A mixture of (S)-proline
methyl ester HCI salt (2.08 g, 12.5 mmol), formaldehyde (37 wt% in water; 4.0 mL, 48
mmol, 3.8 equiv), palladium on carbon (10 wt%; 0.21 g, 10 mol%), sodium acetate*3H 20
(1.72g, 12.6 rnmol, 1.0 equiv), and MeOH (50 mL) was shaken in a Parr Shaker under H2
(50 psi) for 18 h.8 The mixture was filtered through a pad of Celite and filtrate was
concentrated under reduced pressure. The residue was treated with IN HCI (25 mL) and
washed with Et20 (10 mL). The aqueous layer was basified with K2CO 3 and extracted
with CH2C12 (50 mL x 4). The combined organic layers were dried over MgS04, filtered,
and concentrated under reduced pressure to yield the desired product: 1.01 g (56% yield).
IH NMR (400 MHz, CDCl3): 8 3.70 (s, 3H), 3.15-3.08 (m, 3H), 2.95-2.91 (m,
3H), 2.30-2.23 (s, 3H), 2.17-2.04 (m, 1H), 1.98-1.84 (m, 1H), 1.82-1.70 (m, 1H).
(S)-(1-Methylpyrrolidin-2-yl)diphenylmethanol (2.4b).9 A 2-necked flask
equipped with a reflux condenser was purged with Ar. It was charged with a solution of
phenyl magnesium bromide (3.0 M in Et2O, Aldrich; 1.19 mL, 3.57 mmol, 2.1 equiv) and
cooled to 0 'C,. To this solution, was added a solution of 2.4a (0.25 g, 1.7,mmol) in THF
(0.85 mL) dropwise. The mixture was stirred at 0 'C for 30 min then heated to reflux for
4 h. The mixture was cooled to 0 'C and quenched with saturated solution of NH4CI (2
mL). The mixture was acidified with 1 N HC1 (10 mL), washed with Et20 (50 mL),
basified with 6 N NaOH (10 mL), and extracted with CH 2CI2 (50 mL x 3). The
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combined organic layers were dried over MgS04, filtered, and concentrated under
reduced pressure to yield the desired product: 0.38 g (38% yield).
'H NMR (400 MHz, CDC13): 6 7.68-7.62 (m, 2H), 7.55 (br dd, J= 7.0, 1.3 Hz,
3H), 7.32-7.26 (m, 4H), 7.19-7.12 (m, 2H), 4.80 (br s, 1H), 3.66-3.61 (m, 1H), 3.16-3.10
(m, 1H), 2.50-2.41 (m, 1H), 1.98-1.88 (m, 1H), 1.83 (s, 3H), 1.76-1.61 (m, 1H)
(S)-2-(Diphenyl(trimethylsilyloxy)methyl)- 1-methylpyrrolidine (2.4c).' 0 In a
glove box, a mixture of 2.4b (0.18 g, 0.68 mmol), Et3N (0.12 mL, 0.88 mmol, 1.3 equiv),
CH2CI2 (1 mL) was prepared in a 20 mL vial. Separately, a solution of TMSOTf (0.16
mL, 0.89 mmol, 1.3 equiv) in CH2CI2 (1 mL) was prepared in a 4 mL vial. Both vials
were sealed with a cap equipped with a Teflon septum and taken out of the glove box.
The solution containing the amino alcohol was cooled to 0 oC. To this solution, was
added a solution of TMSOTf in CH 2C12 and it was allowed to warm to room temperature.
The mixture was stirred at room temperature for additional 3 h and quenched with brine
(1 mL). The mixture was diluted with CH2C12 (100 mL) and washed with brine (10 ml).
The organic layer was dried over MgSO4, filtered, and concentrated under reduced
pressure to yield the desired product: 87 mg (34% yield).
IH NMR (400 MHz, CDC13): 6 7.52-7.46 (m, 2H), 7.45-7.39 (m, 2H), 7.30-7.16
(m, 6H), 3.45 (br dd, J= 10.0, 5.0 Hz, 1H), 2.75 (br t, J = 7.5 Hz, 1H), 2.27-2.16 (m, 1H-I),
2.19 (s, 3H), 1.93-1.80 (m, 1H), 1.78-1.68 (m, 1H), 1.40-1.30 (m, 1H), 0.95-0.80 (m,
IH), -0.15 (s, 9H).
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(R)-2-Phenylpyrrolidine. To a solution of N-Boc-(R)-2-phenylpyrrolidine (1.4 g,
5.7 mmol) in MeOH (10 mL), was added TMSC1 (3.7 mL, 29 mmol, 5.0 equiv). The
mixture was stirred for 1 h at room temperature and concentrated under reduced
pressure. 6 The residue was diluted in CH2Cl2 (50 mL) and washed with saturated
NaHCO 3 (20 ml). The organic layer was dried over MgSO4, filtered, and concentrated
under reduced pressure to give the secondary amine: 456 mg (56% yield).
'H NMR (400 MHz, CDCl3): 8 7.41-7.32 (m, 4H), 7.28-7.22 (m, 1H), 4.14 (t, J=
3.9 Hz, 1H), 3.27-3.20 (m, 1H), 3.08-3.00 (m, 1H), 2.27-2.17 (m, 1H), 2.01-1.83 (m, 1H),
1.76-1.64 (m, 1H).
(R)-1-(2-Phenylpyrrolidin-1-yl)ethanone. To a solution of (R)-2-
phenylpyrrolidine (143 mg, 1.0 mmol) and Et3N (0.2 mL, 1.5 mmol, 1.5 equiv) in CH 2C12
(5.0 mL), was added acetyl chloride (85 ýpL, 1.2 mmol, 1.2 equiv). The mixture was
stirred at room temperature for 3 h. Then, it was diluted with CH2CI2 (50 mL) and
washed with 1N HC1 (10 mL x 2). The organic layer was dried over MgSO 4, filtered, and
concentrated under reduced pressure to the desired amide: 95 mg (51% yield).
'H NMR (400 MHz, CDC13): 8 7.41-7.26 (m, 3H), 7.25-7.13 (m, 31-), 4.97-4.91
(m, 1H), 3.83-3.59 (m, 3H), 2.49-2.36 (m, 1H), 2.06-1.88 (m, 4H), 1.86 (s, 3H).
(R)-1-Ethyl-2-phenylpyrrolidine (2.5). (R)- 1-(2-Phenylpyrrolidin- 1-yl)ethanone
(95 mg, 0.51 mmol) was diluted in THF (5 mL) and cooled to 0 OC. In a glove box, a
suspension of LiAIH4 (68 mg, 1.8 mmol, 3.5 equiv) in THF (5 mL) was prepared in a 4
mL vial. It was sealed with a cap equipped with a Teflon septum and taken out of the
113
glove box. The suspension was added by cannula to the cold solution of the amide in
THF. The mixture was allowed to warm to room temperature and stirred for 5 h. Then,
it was cooled to 0 oC and sequentially quenched with H20 (68 gtL), NaOH (15 %, 68 PL),
and then with H20 (204 ýtL). The mixture was filtered and filtrate was concentrated
under reduced pressure. The resulting residue was purified by flash chromatography
(Hexanes/EtOAc = 6/4) to give the desired tertiary amine: 21 mg (24% yield).
'H NMR (400 MHz, CDC13): 8 7.40-7.30 (m, 4H), 7.39-7.23 (m, 1H), 3.43-3.34
(m, 1H), 3.20 (t, J= 9.4 Hz, 1H), 2.69-2.59 (m, 1H), 2.24-2.13 (m, 2H), 2.10-2.00 (m,
1H), 1.99-1.91 (m, 1H), 1.89-1.80 (m, 1H), 1.79-1.69 (m, 1H), 1.04 (t, J = 7.0 Hz, 3H).
2.3 7 Catalytic Enantioselective Addition ofHN3 to Ketenes Using (S)-Nicotine
Derivatives and Pyrrolidines
Tables 2.4 and 2.5, General Procedure: In a glove box, a solution of a phenyl
ethyl ketene in a toluene/ hexanes mixture was prepared in a 25-mL one-necked flask.
The flask was capped with a septum, removed from the glove box, and cooled to -90 oC.
In a glove box, catalyst (10 mol%) was weighed into a vial and diluted with toluene. It
was then taken out of the glove box, and the solution was added via syringe to the -90 'C
solution of the ketene. In a glove box, HN3 (1.2 equiv) was diluted with toluene,
transferred to a 3-mL syringe, and removed from the glove box. This solution of HN3
was added by syringe pump over 2 h to the -90 OC solution of catalyst and ketene. After
the addition was complete, the reaction mixture was stirred for an additional 4 h at -90
'C. Then, the reaction vessel was removed from the cooling bath and allowed to warm to
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room temperature over -30 min. Benzene (6 mL) was added, and the resulting mixture
was heated to reflux for 1 h. Then, MeOH (2 mL) was added, and the reaction mixture
was refluxed for 12 h. The mixture was then allowed to cool to room temperature, and
the solution was concentrated under reduced pressure. The residue was purified by flash
chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the desired
methyl carbamate. HPLC analysis: [Daicel CHIRALPAK IA column; solvent system-
hexanes/isopropanol = 97/3; 1.0 mL/min; retention times: 11.7 min, 13.6 min].
'H NMR (400 MHz, CDCI3): 8 7.35-7.31 (m, 2H), 7.27-7.19 (m, 3H), 4.95-4 93
(m, 1I), 4.59-4.57 (m, 1H), 3.65 (s, 3H), 1.81-1.77 (m, 2H), 0.91 (dd, J = 7.4, 3.0 Hz,
3H).
Table 2.4, entry 1. General Prodedure was followed: phenyl ethyl ketene (20.1
mg, 0.125 mmnol) in toluene (23 mL) and hexanes (6 mL), 2.2a (2.0 mg, Q.013 mmol, 10
mol%) in toluene (1 mL), HN 3 (2.0 M in CH2C12; 69 p.L, 0.16 mmol, 1.2 equiv) in
toluene (1.5 mL). The residue was purified by flash chromatography (hexanes/EtOAc =
20/1 to 10/1) on silica gel, which afforded the desired methyl carbamate as a colorless oil:
16.4 mg (66% yield). HPLC analysis: 58% ee.
Table 2.4, entry 2. General Procedure was followed: phenyl ethyl ketene (23.5
mg, 0.161 mmol) in toluene (23 mL) and hexanes (6 mL), 2.2m (3.2 mg, 0.016 mmol, 10
mol%) in toluene (1 mL), HN3 (1.4 M in CH 2Cl2; 127 LL, 0.18 mmol, 1.2 equiv) in
toluene (1.5 mL). The residue was purified by flash chromatography (hexanes/EtOAc =
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20/1 to 10/1) on silica gel, which afforded the desired methyl carbamate as a colorless oil:
25.4 mg (82% yield). HPLC analysis: 58% ee.
Table 2.4, entry 3. General Procedure was followed: phenyl ethyl ketene (24.0
mg, 0.165 mmol) in toluene (23 mL) and hexanes (6 mL), 2.2n (3.6 mg, 0.016 mmol, 10
mol%) in toluene (1 mL), HN3 (1.8 M in CH 2Cl2; 100 p1L, 0.18 mmol, 1.2 equiv) in
toluene (1.5 mL). The residue was purified by flash chromatography (hex'anes/EtOAc =
20/1 to 10/1) on silica gel, which afforded the desired methyl carbamate as a colorless oil:
17.4 mg (54% yield). HPLC analysis: 40% ee.
Table 2.4, entry 4. General Procedure was followed: phenyl ethyl ketene (19.9
mg, 0.136 mmol) in toluene (23 mL) and hexanes (6 mL), 2.2o (2.6 mg, 0.014 mrnol, 10
mol%) in toluene (1 mL), HN3 (1.8 M in CH2C02; 83 pL, 0.15 mmol, 1.2 equiv) in
toluene (1 5 mL). The residue was purified by flash chromatography (hexanes/EtOAc =
20/1 to 10/1) on silica gel, which afforded the desired methyl carbamate as a colorless oil:
14.3 mg (53% yield). HPLC analysis: 28% ee.
Table 2.4, entry 5. General Procedure was followed: phenyl ethyl ketene (21.6
mg, 0.148 mmol) in toluene (23 mL) and hexanes (6 mL), 2.2p (2.6 mg, 0.015 mmol, 10
mol%) in toluene (1 mL), HN3 (1.7 M in CH 2C12; 94 [IL, 0.16 mmol, 1.2 equiv) in
toluene (1.5 mL). The residue was purified by flash chromatography (hexanes/EtOAc =
20/1 to 10/1) on silica gel, which afforded the desired methyl carbamate as a colorless oil:
18.7 mg (65% yield). HPLC analysis: 52% ee.
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Table 2.5, entry 1, General Procedure was followed: phenyl ethyl ketene (18.8
nmg, 0.129 mmol) in toluene (23 mL) and hexanes (6 mL), 2.3a (2.1 mg, 0.013 mmol, 10
mol%) in toluene (1 mL), HN 3 (1.8 M in CH 2Cl2; 86 [tL, 0.16 mmol, 1.2 equiv) in
toluene (1.5 mL). The residue was purified by flash chromatography (hexanes/EtOAc
20/1 to 10/1) on silica gel, which afforded the desired methyl carbamate as a colorless oil:
20.4 mg (82% yield). HPLC analysis: 72% ee.
Table 2.5, entry 2. General Procedure was followed: phenyl ethyl ketene (9.7
mg, 0.066 mmrnol) in toluene (23 mn) and hexanes (6 mL), 2.3b (1.9 mg, Q.0066 mmol, 10
mol%) in toluene (1 mL), HN 3 (1.4 M in CH 2C12; 57 tiL, 0.079 mmol, 1.2 equiv) in
toluene (1.5 mL). The residue was purified by flash chromatography (hexanes/EtOAc =
20/1 to 10/1) on silica gel, which afforded the desired methyl carbamate as a colorless oil:
9.4 mg (73% yield). HPLC analysis: 74% ee.
Table 2.5, entry 3. General Procedure was followed: phenyl ethyl ketene (25.9
mg, 0.177 mmol) in toluene (23 mL) and hexanes (6 mL), 2.3c (3.3 mg, 0.018 mmol, 10
mol%) in toluene (1 mnL), HN 3 (1.6 M in CH2Cl2; 132 jtL, 0.21 mmol, 1.2 equiv) in
toluene (1.5 mL). The residue was purified by flash chromatography (hexanes/EtOAc
20/1 to 10/1) on silica gel, which afforded the desired niethyl carbamate ais a colorless oil:
17.2 mg (50%0/ yield). HPLC analysis: 30% ee.
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Table 2.5, entry 4. General Procedure was followed: phenyl ethyl ketene (21.4
mg, 0.147 mmol) in toluene (23 mL) and hexanes (6 mL), 2.3d (2.6 mg, 0.015 mmol, 10
mol%) in toluene (1 mL), HN3 (1.5 M in CH 2C12; 117 JtL, 0.18 mmol, 1.2 equiv) in
toluene (1.5 mL). The residue was purified by flash chromatography (hex'anes/EtOAc =
20/1 to 10/1) on silica gel, which afforded the desired methyl carbamate as a colorless oil:
13.2 mg (46% yield). HPLC analysis: 72% ee.
Table 2.5, entry 5. General Procedure was followed: phenyl ethyl ketene (32.4
mg, 0.22 mmol) in toluene (23 mL) and hexanes (6 mL), 2.3e (4.2 mg, 0.022 mmol, 10
mol%) in toluene (1 mL), HN3 (1.5 M in CH2Cl2; 110 ýpL, 0.26 mmol, 1.2 equiv) in
toluene (1.5 mL). The residue was purified by flash chromatography (hexanes/EtOAc =
20/1 to 10/1) on silica gel, which afforded the desired methyl carbarnate as a colorless oil:
33.3 mg (78% yield). HPLC analysis. 69% ee.
Table 2.5, entry 6. General Procedure was followed: phenyl ethyl ketene (19.6
mg, 0.13 mmol) in toluene (23 mL) and hexanes (6 mL), 2.3f (2.3 mg, 0.013 mmol, 10
mol%) in toluene (I mL), HN3 (1.2 M in CH2C12; 115 gpL, 0.16 mmol, 1.2 equiv) in
toluene (1.5 mL). The residue was purified by flash chromatography (hexanes/EtOAc =
20/1 to 10/1) on silica gel, which afforded the desired methyl carbamate as a colorless oil:
14.4 mg (56% yield). HPLC analysis: 65% ee.
Table 2.5, entry 7. General Procedure was followed: phenyl ethyl ketene (19.8
mg, 0.14 mmol) in toluene (23 mL) and hexanes (6 mL), 2.3f (2.6 mg, 0.014 mmol, 10
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mol%) in toluene (1 mL), HN3 (1.5 M in CH2C12; 109 ILL, 0.16 mmol, 1.2 equiv) in
toluene (1.5 mL). The residue was purified by flash chromatography (hexanes/EtOAc
20/1 to 10/1) on silica gel, which afforded the desired methyl carbamate as a colorless oil:
14.0 mg (52% yield). HPLC analysis: 52% ee.
Table 2.5, entry 8. General Procedure was followed: phenyl ethyl ketene (19.3
mg, 0.13 mmol) in toluene (23 mL) and hexanes (6 mL), 2.4a (1.9 mg, 0.Q13 mmol, 10
mol%) in toluene (1 mL), HN3 (1.5 M in CH2Cl 2; 97 jtL, 0.15 nmmol, 1.2 equiv) in
toluene (1.5 mL). The residue was purified by flash chromatography (hexanes/EtOAc =
20/1 to 10/1) on silica gel, which afforded the desired methyl carbamate as a colorless oil:
18.6 ing (73% yield). HPLC analysis: 0% ee.
Table 2.5, entry 9. General Procedure was followed: phenyl ethyl ketene (27.8
mg, 0.19 mmol) in toluene (23 mL) and hexanes (6 mL), 2.4b (5.1 mg, 0.019 mmol, 10
mol%) in toluene (1 mL), HN 3 (1.4 M in CH 2C12; 149 ptL, 0.21 nmmol, 1.2 equiv) in
toluene (1.5 mL). The residue was purified by flash chromatography (hexanes/EtOAc
20/1 to 10/1) on silica gel, which afforded the desired niethyl carbamate as a colorless oil:
10.1 mg (28%0 yield). HPLC analysis: 4% ee.
Table 2.5, entry 10. General Procedure was followed: phenyl ethyl ketene (25.9
mng, 0.18 mmnol) in toluene (23 mL) and hexanes (6 mL), 2.4b (6.0 mg, 0.018 rmmol, 10
mol%) in toluene (1 mL), HN 3 (1.4 M in CH 2C12; 139 pLL, 0.20 mmol, 1.2 equiv) in
toluene (1.5 mnL). The residue was purified by flash chromatography (hexanes/EtOAc =
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20/1 to 10/1) on silica gel, which afforded the desired methyl carbamate ais a colorless oil:
30.1 mg (87% yield). HPLC analysis: 20% ee.
Table 2.5, entry 11. General Procedure was followed: phenyl ethyl ketene (29.0
mg, 0.20 mmol) in toluene (23 mL) and hexanes (6 mL), 2.5 (3.5 mg, 0.020 mmol, 10
mol%) in toluene (1 mL), HN 3 (2.5 M in CH2C12; 96 gL, 0.26 mmol, 1.2 equiv) in
toluene (1.5 mL). The residue was purified by flash chromatography (hexanes/EtOAc =
20/1 to 10/1) on silica gel, which afforded the desired methyl carbamate as a colorless oil:
3.3 mg (9% yield). HPLC analysis: 17% ee.
Tables 2.6, General Procedure: In a glove box, a solution of a ketene in a
toluene/ hexanes mixture was prepared in a 25-mL one-necked flask. The flask was
capped with a septum, removed from the glove box, and cooled to -90 'C. In a glove
box, 2.3a (10 mol%) was weighed into a vial and diluted with toluene. It was then taken
out of the glove box, and the solution was added via syringe to the -90 OC solution of the
ketene. In a glove box, HN3 (1.2 equiv) was diluted with toluene, transferred to a 3-mL
syringe, and removed from the glove box. This solution of HN 3 was added by syringe
pump over 2 h to the -90 oC solution of catalyst and ketene. After the addition was
complete, the reaction mixture was stirred for an additional 4 h at -90 OC. Then, the
reaction vessel was removed from the cooling bath and allowed to warm to room
temperature over -30 min. Benzene (6 mL) was added, and the resulting mixture was
heated to reflux for 1 h. Then, MeOH (2 mL) was added, and the reaction mixture was
refluxed for 12 h. The mixture was then allowed to cool to room temperature, and the
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solution was concentrated under reduced pressure. The residue was purified by flash
chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the desired
methyl carbamate.
Table 2.6, entry 1. Methyl 1-phenylpropylcarbamate. General Procedure was
followed: phenyl ethyl ketene (18.8 mg, 0.129 mmol) in toluene (23.0 mL) and hexanes
(6.0 mL), 2.3a (2.1 mg, 0.013 mmol, 10 mol%) in toluene (1.0 mL), and HN3 (1.8 M in
CH2C!2; 86 [pL, 0.155 mmol, 1.2 equiv) in toluene (1.5 mL). The product was isolated by
flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the
desired methyl carbamate as a colorless oil: 20.4 mg (82% yield). HPLC analysis: 72% ee
[Daicel CHIRALPAK IA column; solvent system: hexanes/isopropanol = 97/3; 1.0
mL/min; retention times: 10.7 min (minor), 12.4 min (major)].
'H NMR (400 MHz, CDCI3): 8 7.35-7.31 (m, 2H), 7.27-7.19 (m, 3H), 4.95-4.93
(m, 1H), 4.59-4.57 (m, 1H), 3.65 (s, 3H), 1.81-1.77 (m, 2H), 0.91 (dd, J'- 7.4, 3.0 Hz,
3H).
Table 2.6, entry 2. Methyl 1-m-tolylpropylcarbamate. General Procedure was
followed: m-tolyl ethyl ketene (19.2 mg, 0.120 mmol) in toluene (23.0 mL) and hexanes
(6.0 mL), 2.3a (1.9 mg, 0.012 mmunol, 10 mol%) in toluene (1.0 mL), and HN 3 (1.6 M in
CH2C12; 120 IpL, 0.192 mmol, 1.2 equiv) in toluene (1.5 mL). The product was isolated
by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded
the desired methyl carbamate as a colorless oil: 18.3 mg (74% yield). HPLC analysis:
74% ee [Daicel CHIRALPAK IA column; solvent system: hexanes/isopropanol = 97/3;
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1.0 mL/nin; retention times: 9.9 min (minor), 11.0 min (major)].
'H NMR (300 MHz, CDCl3): 8 7.26-7.16 (m, 3H), 7.07 (br s, 1H), 4.91 (br s, 1H),
4.54 (br d, 1H), 3.65 (s, 3H), 3.45 (s, 3H), 1.80-1.76 (m, 1H), 0.90 (t, J= 7.2 Hz, 3H).
Table 2.6, entry 3. Methyl 1-(p-methoxyphenyl)propylcarbamate. General
Procedure was followed: p-methoxyphenyl ethyl ketene (21.3 mg, 0.12 mmol) in toluene
(23.0 mL) and hexanes (6.0 mL), 2.3a (1.9 mg, 0.012 mmol, 10 mol%) in toluene (1.0
mL), and HN 3 (1.4 M in CH2Cl2; 103 J4L, 0.14 mmol, 1.2 equiv) in toluene (1.5 imL).
The product was isolated by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on
silica gel, which afforded the desired methyl carbamate as a white solid: 23.4 mg (87%
yield). HPLC analysis: 65% ee [Daicel CHIRALPAK IA colunrm; solvent system:
hexanes/isopropanol = 97/3; 1.0 mL/min; retention times: 16.9 min (minor), 22.6 min
(major)].
'H NMR (500 MHz, CDCl3): 8 7.19 (d, J= 14.0 Hz, 2H), 6.89-6.85 (m, 2H), 5.00
(br s, 1H), 4.55-4.48 (m, 1H), 3.79 (s, 3H), 3.64 (s, 3H), 1.86-1.69 (m, 2H), 0.89 (t, J=
12.0 Hz, 31H).
Table 2.6, entry 4. Methyl 1-phenyl-3-methylbutylcarbamate. General
Procedure was followed: phenyl i-butyl ketene (19.0 mg, 0.109 mmol) in toluene (23.0
mL) and hexanes (6.0 mL), 2.3a (1.8 mg, 0.011 mmol, 10 mol%) in toluene (1.0 mL),
and H-N3 (1.6 M in CH2CI2; 82 [LL, 0.056 mmol, 1.1 equiv) in toluene (1.5 mL). The
product was isolated by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica
gel, which afforded the desired methyl carbamate: 14.7 mg (61% yield). HPLC analysis:
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80% ee [Daicel CHIRALPAK IA column; solvent system: hexanes/isopropanol = 97/3;
1.0 mL/min; retention times: 10. 1 min (minor), 11.6 min (major)].
I-I NMR (400 MHz, CDC13): 8 7.25-7.38 (m, 2H), 7.20-7.25 (m, 3H), 4.83-5.03
(m, 1H), 4.59-4.81 (m, 1H), 3.63 (s, 3H), 1.47-1.76 (m, 3H), 0.94 (d, J= 6.1 Hz, 6H).
Table 2.6, entry 5. Methyl 1-phenylethyllcarbamate. General Procedure was
followed: phenyl methyl ketene (26.3 rmg, 0.164 minol) in toluene (23.0 mL) and hexanes
(6.0 mL), 2.3a (2.6 mg, 0.016 mmol, 10 mol%) in toluene (1.0 mL), and HN 3 (1.6 M in
CH 2CI2; 141 -L-, 0.20 mmol, 1.1 equiv) in toluene (1.5 mL). The product was isolated by
flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica gel, which afforded the
desired methyl carbamate: 21.9 mg (63% yield). HPLC 'analysis: 62% ee [Daicel
CHIRALPAK IA column; solvent system: hexanes/isopropanol = 97/3; 1.0 mL/min;
retention times: 10.4 min (minor), 11.1 min (major)].
IIH NMR (400 MHz, CDCl3): 6 7.34-7.19 (m, 5H), 4.92 (br s, 1H), 4.82 (br s, 1H-[),
3.62 (s, 3H), 1.44 (d, J= 6.6 Hz, 3H).
Table 2.6, entry 6. Methyl 1-phenyl-2-methylpropylcarbamate. General
Procedure was followed: phenyl isopropyl ketene (26.3 mg, 0.164 mmol) in toluene (23.0
mL) and hexanes (6.0 mL), 2.3a (2.6 mg, 0.016 mmnol, 10 mol%) in toluene (1.0 mL),
and I-IN 3 (1.6 M in CH2CI2; 141 pLL, 0.20 mmol, 1.1 equiv) in toluene (1.5 mL). The
product was isolated by flash chromatography (hexanes/EtOAc = 20/1 to 10/1) on silica
gel, which afforded the desired methyl carbamate: 21.9 mg (63% yield). HPLC analysis:
123
22% ee [Daicel CHIRALPAK IA column; solvent system: hexanes/isopropanol = 97/3;
1.0 mL/min; retention times: 10.9 min (minor), 15.4 min (major)].
'H NMR (500 MHz, CDCl3): 8 7.26-7.12 (m, 5H), 5.05 (br s, 1H), 4.38 (br t, J=
8.0 Hz, 1H), 3.56 (s, 3H), 1.95-1.89 (m, 1H), 0.88 (d, J= 6.5 Hz, 3H), 0.76 (d, J = 7.0
Hz, 3H).
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